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ABSTRACT

Gene therapies hold the promise of treating a wide range of diseases by modulating the
expression of specific genes responsible for their development or progression. However, to fully
harness this potential, effective delivery systems are required to reach and transfect specific
tissues and cells. This becomes particularly crucial in the context of challenging diseases, such
as central nervous system (CNS) conditions, or the development of vaccines against the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

The primary objective of this thesis has been to leverage nanotechnology for the delivery
of different types of ribonucleic acids (RNA) intended to address the said diseases. For this, we
chose delivery systems that have been well-established in our laboratory, namely
nanoemulsions (NEs) and nanocapsules (NCs), and tailored them to encapsulate, protect, and
deliver RNA. Namely, we designed and developed NEs and NCs endowed with a high capacity
for diffusion and transfection of brain tissue. Some prototypes were also adapted for the nose-
to-brain (N-to-B) and intracerebroventricular (ICV) delivery of small interfering SiRNA
(siRNA). In addition, a large library of NEs and NCs was investigated as delivery platforms for
messenger RNA (MRNA) vaccines against SARS-CoV-2.

Chapter 1 describes the development of ionizable NE (iNEs), combining elements from
classical lipid nanoparticles (LNPs) and oily cores from NEs. The results demonstrated a high
diffusion across the brain and an excellent capacity to transfect neurons and microglia cells.

Chapter 2 is focused on the investigation of a library of NEs and NCs regarding their
capacity to transport siRNA from the N-to-B route and their diffusivity following ICV
administration. As a result, a powerful candidate was identified, exhibiting outstanding
diffusivity upon ICV injection, accessing multiple brain regions (including the frontal cortex,
striatum, hippocampus, brain stem, and dorsal root ganglion), and significantly reducing its
targeted mMRNA levels.

Chapter 3 discloses the encapsulation of several mMRNA constructs derived from SARS-
CoV-2 into NEs and NCs, as well as their in vitro and in vivo evaluation in terms of safety,
transfection efficiency, and capacity to elicit immune responses. Notably, one candidate
demonstrated the ability to induce specific cellular immune responses following intramuscular
administration.

Overall, this work highlights the potential of NEs and polymeric NCs for the delivery of
different kinds of RNA in two different contexts: treatment of brain diseases and vaccination.
The results emphasize the importance of the nanocarrier composition and its physicochemical
properties in the efficacy of RNA-based therapies and open new possibilities for enhancing the
efficacy of genetic therapies for the treatment of challenging diseases.
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RESUMEN

Las terapias genéticas tienen el potencial de tratar una amplia gama de enfermedades al modular
la expresion de genes especificos responsables de su desarrollo o progresion. Sin embargo, para
aprovechar completamente este potencial, se requieren sistemas de liberacion capaces de
alcanzar y transfectar tejidos y células especificos. Esta necesidad es particularmente crucial en
el contexto de enfermedades desafiantes, como afecciones del sistema nervioso central (CNS),
o0 el desarrollo de vacunas contra el sindrome respiratorio agudo severo del coronavirus 2
(SARS-CoV-2).

El objetivo de esta tesis se centra en el uso de la nanotecnologia para desarrollar
nanotransportadores de diferentes tipos de acidos ribonucleicos (RNASs) con potencial en el
tratamiento y prevencion de enfermedades. Para ello, hemos seleccionado sistemas
originalmente desarrollados en nuestro laboratorio, nanoemulsions (NES) y nanocépsulas
(NCs), y los hemos adaptado para encapsular, proteger y liberar RNA. En concreto, hemos
disefiado y desarrollado NEs y NCs con una alta capacidad de difusion y transfeccién en el
tejido cerebral. Algunos prototipos también se adaptaron para el transporte de la entrega de
RNA pequefio de interferencia (SiIRNA) desde la nariz a cerebro (N-to-B) y también para su
administracién porvia intracerebroventricular (ICV). Ademaés, desarrollamos una amplia
biblioteca de NEs y NCs destinadas a transportar vacunas de RNA mensajero (MRNA) contra
el SARS-CoV-2.

El Capitulo 1 describe el desarrollo de una NE ionizable (iNE), combinando elementos de
las nanoparticulas lipidicas (LNPs) y nacleos oleosos de las NEs. Dicha iNE mostr6 una alta
difusion en el cerebro y una excelente capacidad para transfectar neuronas y microglia.

El Capitulo 2 se centra en la investigacion de una biblioteca de NEs y NCs en cuanto a su
capacidad para transportar SiRNA a través de la ruta N-to-B y su difusién después de su
administraciéon por via ICV. Como resultado, se identificd un candidato que exhibié una
difusion sobresaliente tras su inyeccion ICV, accediendo a mdltiples regiones cerebrales
(incluyendo la corteza frontal, el estriado, el hipocampo, el tronco encefélico y el ganglio de la
raiz dorsal) y reduciendo significativamente los niveles del mMRNA objetivo.

El Capitulo 3 recoge la encapsulacion de secuencias de mRNA derivadas del SARS-CoV-
2 en NEs y NCs, y su evaluacion in vitro e in vivo en términos de seguridad, eficiencia de
transfeccion y capacidad para inducir respuestas inmunitarias. Notablemente, un candidato
demostro la capacidad de inducir respuestas inmunitarias celulares especificas significativas
después de su administracion intramuscular.

En resumen, este trabajo destaca el potencial de las NEs y NCs poliméricas para la entrega
de RNA en dos contextos diferentes: el tratamiento de enfermedades cerebrales y la vacunacion.
Los resultados enfatizan la importancia de la composicion de los nanosistemas y sus
propiedades fisicoquimicas en la eficacia de las terapias basadas en RNA, abriendo nuevas
posibilidades para mejorar la eficiencia de las terapias genéticas para el tratamiento de
enfermedades desafiantes.
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Resumo in extenso

1. INTRODUCION

As terapias xenéticas consisten en tratar unha enfermidade transferindo material xenético &s
células do paciente, inducindo, inhibido ou alterando a expresién do xene obxectivo. Isto
permite ou modifica a expresion de proteinas especificas, corrixindo en Ultima instancia o
mecanismo subxacente responsable da enfermidade [1,2]. Estas terapias poden clasificarse en
funcion de diversos factores, como a natureza da enfermidade a tratar, o tipo de método de
entrega do xene, ou o tipo de administracion [3,4]. Esta clasificacion tamén pode facerse en
funcion da tecnoloxia do &cido desoxirribonucleico (ADN) ou o &cido ribonucleico (ARN).

As terapias de ADN baséanse principalmente na transfeccién viral do ADN, onde unha
copia funcional do xene defectuoso introducese nas células desexadas, utilizando virus
adenoasociados [5,6]. Actualmente, 8 terapias xenéticas baseadas en ADN foron aprobadas
pola Administracion de Alimentos e Medicamentos (FDA) [7]. Con todo, o principal desafio
sen resolver segue sendo a resposta inmunoloxica contra o vector, o que dificulta a posibilidade
de administrar multiples doses [6,8]. Coa intencién de resolver este problema, e previr
completamente a posible integracion xendmica, as terapias xenéticas baseadas en ARN foron
exploradas en décadas recentes como alternativas as terapias baseadas en ADN [9,10].

1.1. ARN DE INTERFERENCIA

O ARN de interferencia (ARNI) baséase no uso de pequenos &cidos nucleicos exoxenos para
interferir ou modular a expresién de xenes responsables de certas enfermidades [11]. Despois
de mudltiples décadas de investigacion, involucrando o desenvolvemento de sistemas de
liberacion e modificacions quimicas, a FDA aprobou a primeira terapia ARNi, Ompattro®
(patisiran). Esta terapia consiste nun ARN interferente pequeno (ARNIip) para o tratamento da
amiloidosis hereditaria por transtiretina (hRATTR), encapsulado nunha nanoparticula lipidica
(LNP) [12,13]. Este logro abriu novas posibilidades para a terapia xenética no tratamento de
diversas enfermidades.

Entre os diferentes tipos de oligonucledtidos desefiados para terapias de ARNi, os ARNip
exoxenos e 0s mimicos do microARN (miARN) son os mais amplamente explorados.

1.1.1. ARN pequeno de interferencia (ARNip)

Os ARNip son moléculas curtas de ARN en duplex (21-23 nucledtidos) desefiadas
especificamente para dirixirse e inhibir a expresion de ARN mensaxeiro (ARNm) especificos.
A especificidade de secuencia dos ARNip permite dirixirse selectivamente a un s6 ARNm,
mellorando a precision de efecto do ARNi [14,15]. Dada esta caracteristica Unica, a seleccion
de secuencias é unha parte clave no desefio racional dos ARNip, e esforzos substanciais
realizaronse para optimizar a sla potencia terapéutica, con modificacions quimicas
incorporadas no esqueleto de fosfato, na ribosa ou nas bases de nucleétido dos ARNip [16-18].
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1.1.2. Mimicos de microARN (miARN)

Os miARN son moléculas pequenas de ARN de cadea simple (19-25 nucledétidos).
Prodlcense naturalmente e poden desempefiar un papel critico na regulacion de polo menos o
60% dos xenes humanos que codifican proteinas [19,20]. Un sé miARN pode dirixirse a
maltiples ARNm dentro do citosol, o que resulta na degradacion do ARNm obxectivo ou a
supresion do proceso de traducidn, detendo asi a producion de certas proteinas [20-23]. Para
mellorar a sUa estabilidade, proteccidn contra nucleasas e potencia de ARNIi, as moléculas de
miARN poden ser quimicamente modificando, utilizando as estratexias similares as usadas para
0s ARNip [24,25].

1.2. ARN MENSAXEIRO (ARNM)

O ARNmM consiste nun ARN codificante de cadea simple, cunha lonxitude media de
aproximadamente 3 kbps [26]. Do mesmo Xeito que as terapias xenéticas con ADN, o0 ARNm
contén a informacion xenética necesaria para a traducion de proteinas. Con todo, 0 ARNm non
necesita ser entregado dentro do nucleo para realizar a sGa accion; no seu lugar, tradicese na
proteina obxectivo no citosol la célula diana [15,27]. Tanto as construcions de ARNmM
endoxenas como as sintéticas constan de cinco rexions distintas (de 5 'a 3 '): a carapucha 5', a
rexiéon non traducida do 5 ' (UTR), o marco de lectura aberto (ORF), o UTR do 3 ' e unha cola
final de poli-adenina ou poli(A) [28,29].

1.3. ANANOTECNOLOXIA NA TERAPIA ARN

Ademais das vantaxes das modificaciéns quimicas para mellorar a estabilidade e o
rendemento dos ARN, os sistemas de entrega son unha compofiente clave nas estratexias da
terapia de ARN [30,31]. No caso dos ARNm, debido ao seu tamafio e inestabilidade inherente,
requiren do uso de vehiculos de entrega para evitar a degradacion, independentemente das
modificacions quimicas aplicadas [9]. No caso dos ARNip, mais curtos e estables que 0 ARNm,
seguironse diversas estratexias que levaron & aprobacion de multiples farmacos por parte das
axencias reguladoras, como o uso de LNPs ou a modificacién do ARNip cun ligando que contén
unha N-acetilgalactosamina (GalNAc) tricatenaria, capaz de recofiecer especificamente un
receptor presente no figado [12,32-36].

A pesar dos prometedores resultados, ambas estratexias permiten unicamente a liberacion
controlada de ARN no figado. Por iso, nanotransportadores ou estratexias de liberacién
alternativas estan a ser exploradas para mellorar o transporte e a aplicacion das terapias
xenéticas [30,37]. Isto é particularmente relevante no caso de enfermidades desafiantes, como
condicions do sistema nervioso central (SNC) ou o desenvolvemento de vacinas contra o
sindrome respiratorio agudo severo coronavirus 2 (SARS-CoV-2). Polo tanto, o obxectivo final
desta tese foi 0 desefio e desenvolvemento de nanosistemas para terapias de ARN, co enfoque
de abordar enfermidades desafiantes, como condicions do SNC e 0 seu uso como vacinas contra
0 SARS-CoV-2.
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2. NANOEMULSIONS IONIZABLES PARA A ENTREGA DE ARN
AO CEREBRO

Entre os numerosos desafios asociados para a entrega de material xenético ao SNC, un
obstaculo importante sen resolver € a limitada difusién dos nanosistemas. Por exemplo, o actual
estandar para a entrega de ARN, as LNPs, s6 pode difundir aproximadamente 1-1,5 mm dende
o sitio de administracion no cerebro [38,39]. Esta mobilidade limitada débese ao denso nucleo
interno das LNPs, que lles confire unha elevada rixidez [40].

Dado este contexto, a nosa hipdtese baseouse na combinacién do potencial das LNPs con
nucleos mais fluidos, similares aos presentes nas nanoemulsions (NEs), para desefiar NEs
ionizables (iNEs). As resultantes iNEs contefien C12-200 como lipido ionizable, cofiecido por
mellorar o escape endosomal [41]. O ndcleo contén un aceite (Vitamina E), c6 obxectivo de
mellorar a sta flexibilidade. Para demostrar a versatilidade da iNE desenvolvida, utilizaronse
varios tipos de oligonucledtidos para formular o nanosistema (Taboa 1). Non se atoparon
diferencias significativas entre as formulacions, con tamafios ao redor de 70 nm e carga
superficial neutra. Mais do 80% do ARN quedou completamente encapsulado nas iNE.

Taboa 1. Propiedades fisicoquimicas da iNE, en combinacion con siGFP, mGFP, e miR-132

Tipo de ARN Tamano PDI Potencial ¢ (mV) Eficiencia de encapsulacion
(nm) (%)

siGFP 647 0.23 £0.03 221 80-90

miR-132 60 £ 7 0.2 £ 0.05 -1 x1 80-90

mGFP 72 £9 0.17 £ 0.07 -4+2 80-90

A eficiencia de encapsulacion foi medida por xel de agarosa, e os valores foron corroborados polo ensaio de
RiboGreen. Abreviaturas: GFP: proteina verde fluorescente. mGFP: ARNm codificante para GFP. miR-132:
mimico de miARN-132. PDI: indice de polidispersion. siGFP: ARNip anti-GFP. Os valores representan a media +
desviacion estandar (n > 3).

O potencial de difusion das iNEs avaliouse nun modelo de rato da enfermidade de
Alzheimer, utilizando miR-132, que estd regulado & baixa na progresion desta enfermidade
(Hustracion 2) [42]. Os nanosistemas foron administrados no xiro dentado (DG), unha rexién
gravemente afectada pola enfermidade de Alzheimer, e determinaronse os niveles de miR-132
tanto no DG como no Corno Ammonis (CA), unha rexién do hipocampo circundante [43,44].
A iNE mostrou unha acumulacién significativa no DG, seguida dunha difusién cara ao CA de
maneira dependente da dose, indicando unha modulacion especifica dos niveis de miR-132.
Mesmo na concentracion maéis baixa (75 pmol), iNE-miR-132 induciu un aumento de
aproximadamente 300 veces tanto no DG como no CA, superando o rendemento de LNP-miR-
132, testado como control positivo a unha concentracion mais alta (160 pmol). Estes resultados
salientan a capacidade de difusion de iNE, en comparacion coas LNPs clasicas, o que lles
permite chegar eficientemente a diferentes rexions do cerebro.
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llustracién 1. PCR semi-cuantitativa en tempo real dos niveis de miR-132 no DG e na rexion circundante
CA, 48 horas despois da administracion de iNE (a unha dose de 300 pmol en vermello, e 75 pmol en azul) e
LNPs (verde), cargadas con miR-132 (cor brillante) ou miR-control (cor palida)

Abreviacions: iNE: nanoemulsiones ionizables. LNP: nanoparticulas lipidicas. miR-132: mimico de miARN-132.
Analises de varianza (ANOVA) de 2 colas entre os grupos, seguido do método Tukey para comparacions multiples.
Valores p < 0.05 foron considerados estatisticamente significativos (*). Ademais, (**) se o valor p < 0.01, (***) se
o valor p < 0.001. Os valores representan a media + desviacién estandar (n > 3).

A capacidade de difusion das iNEs foi avaliado trala stia administracion por via intra-
parenquimatosa, contendo ARNm que codifica para a proteina verde fluorescente (MGFP)
(Nustracion 2). Os resultados demostraron unha difusion substancial das iNEs desde o sitio de
administracién, xunto cunha transfeccion celular prometedora, confirmando a eficiencia de
difusion do nanosistema no hemisferio inxectado. Analizando os grupos celulares
transfectados, observouse sinal GFP en neuronas e microglia, indicando a internalizacion e
traducién da proteina fluorescente reporteira. Este comportamento foi menos prominente en
astrocitos, suxerindo unha internalizacién especifica por neuronas e microglia.

En resumo, este capitulo da tese describe o desenvolvemento de iINES como novos
nanotransportadores altamente difusores para a entrega de ARN ao cerebro. Ainda asi, son
necesarios mais estudos para validar a sua eficacia no tratamento de enfermidades do SNC, e
explorar vias de administracion menos invasivas.
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llustracién 2. Dobre inmunomarcaxe no cerebro para GFP (vermello), e astrocitos (marcados con GFAP,
verde), despois da administracion intra-parenquimatosa de iNE-mGFP. Hoechst foi utilizado como
marcador de nucleos (azul)

Abreviaturas: GFAP: proteina acida fibrilar de glia. GFP: proteina de fluorescencia verde. iNE: nanoemulsion
ionizable. mGFP: ARNm que codifica para GFP.

3. NANOEMULSIONS E NANOCAPSULAS POLIMERICAS PARA
A ENTREGA DE ARNIP DE POLAS VIAS NARIZ A CEREBRO E
INTRACEREBROVENTRICULAR

Un dos maiores desafios na terapia de enfermidades do SNC é a presenza da barreira
hematoencefalica (BBB). Esta barreira desempefia un papel fundamental na hemostase do SNC,
e un mecanismo de defensa para a entrega de farmacos ao cerebro [45-48] Diferentes
aproximacions tecnoloxicas para facilitar o transporte ao cerebro estan sendo exploradas
[49,50]. O uso de vias de administracion alternativas en combinacion con sistemas de libracion
controlada poden supofier un avance no uso de terapias de ARN no contexto do SNC. Co
obxectivo de entregar ARNip no SNC, desenvolvemos unha biblioteca de NEs e nanocapsulas
(NCs) poliméricas con caracteristicas especificas: un tamario de particula por baixo ou ao redor
de 100 nm, producién reproducible e escalable, diversas cargas superficiais (incluindo
positivas, negativas e neutras), unha concentracion final de ARNip de polo menos 0.25 mg/mL
e estabilidade de polo menos un mes a 4°C. Estes nanosistemas estan desefiados para
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administrarse a través de vias de administracion alternativas, incluindo as administracions pola
via nariz a cerebro (N-to-B) e intracerebroventricular (ICV).

Cinco NEs diferentes cumpriron estes obxectivos en termos de tamafio de particula (por
baixo de 100 nm) e carga superficial (cargada positivamente), cunha eficiencia de
encapsulacion total proxima ao 100% (Téaboa 2). Entre estes NEs, o NE-2 foi funcionalizado
con éxito coa glicoproteina do virus da rabia (RVG), con capacidade de unirse ao receptor de
acetilcolina nicotinica, presente no SNC [51].

Taboa 2. Propiedades fisicoquimicas das NE-1, NE-2, NE-3, NE-4 e NE-5 cargadas con ARNip

NE-1 NE-2 NE-2-RVG NE-3 NE-4 NE-5
Composicion DOTAP: Vit DOTAP: Vit DOTAP: Vit DOTAP: DOTAP: Vit DOTAP: Vit

E: E: E: Tween Lab™: E: E:

K-HS15® Tween 80 80 + RVG Tween 80 Labrasol® Inulin
Ratio molar 16.9:65.8: 19.4:75.4: 19.4:75.4: 25:56.5: 19.4:75.4: 19.4:75.4:
(mol%) 17.3 5.2 5.1:0.1 18.5 5.2 5.2
Diametro de 90 + 16 73 +£10 84 + 37 86 +10 100 + 8 68 +5
particula (nm)
PDI 0.20 + 0.04 0.20 + 0.04 0.25 + 0.01 0.24 + 0.03 0.18 + 0.01 0.26 + 0.03
Potencial C +51+3 +47 + 4 +57+6 +38+6 +50 + 3 +48 + 2
(mV)
Eficiencia de 100 100 100 100 100 100

encapsulacion

(%)
A eficiencia de encapsulacion foi medida por xel de agarosa, e os valores foron corroborados polo ensaio de
RiboGreen e/ou analises por UPLC. Abreviaturas: DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane chloride.
K-HS15%: Kolliphor® HS15. Lab™: Labrafac™ Lipophile, WL 1349. NE: nanoemulsion. PDI: indice de polidispersion.
RVG: glicoproteina do virus da rabia. Vit E: D, L-a-tocopherol. Os valores representan a media + desviacion
estandar (n > 3).

Debido ao seu pequeno tamafio de particula, seleccionaronse NE-2 e NE-3 para recubrilos
cunha cuberta polimérica, resultando na formacion de NC cargadas con ARNip (Téaboa 3). Os
polimeros empregados foron o acido poliglutdmico conxugado a polietilenglicol (PEG-PGA),
0 acido hialurénico (HA), o &cido polisialico (PSA) e o quitosano (CS). As NCs resultantes
enxhibiron unha variedade de tamafios de particulas e cargas superficiais, dende altamente
negativas (-48 mV, atribuida ao recubrimento de HA) ata altamente positivas (+49 mV, debido
a dobre capa polimérica de HA e CS). Obtivéronse nanosistemas neutros, como NC-1, debido
a cuberta de PEG-PGA.

Dada a capacidade destes nanosistemas, elixironse diferentes candidatos especificos
baseados nas sUas propiedades fisicoquimicas para avalialos en modelos animais. Isto
involucrou a exploracion de vias de administracion alternativas, como a N-to-B e a ICV.
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Taboa 3. Propiedades fisicoquimicas das NC-1, NC-2, NC-3, NC-4, NC-5 e MNC-1 cargadas con ARNip

NC-1 NC-2 NC-3 NC-4 NC-5 MNC-1
Nanosistema de NE-2 NE-2 NE-2 NE-3 NE-3 NC-2
base
Composicion de  DOTAP: Vit  DOTAP: Vit  DOTAP: Vit  DOTAP: DOTAP: DOTAP: Vit
base E: T80 E: T80 E: T80 Lab™: T80 Lab™: T80 E: T80 + HA
Cuberta PEG-PGA HA PSA HA PSA Cs
polimérica
Ratio ARNip: 1:2 1:4 - 1:4
polimero
(mol/mol)
Ratio ARNip: - - 1:2 - 1:4 1:3.8
polimero (w/w)
Diametro de 73+5 87 +6 116 + 3 70+ 8 79 + 11 100 = 16
particula (nm)
PDI 0.15+0.03 0.15+0.02 0.13+£0.03 0.24+£0.03 0.23+0.02 0.18+0.02
Potencial  (mV) 126 -28+2 -48 + 1 -23£5 -44 £ 8 +49 + 4
Eficiencia de 100 100 100 100 100 100

encapsulacion

(%)
A eficiencia de encapsulaciéon foi medida por xel de agarosa, e os valores foron corroborados polo ensaio de
RiboGreen e/ou analises por UPLC. Abreviaturas: CS: quitosano. DOTAP: 1,2-dioleoyl-3-trimethylammonium-
propane chloride. HA: acido hialuronico (40 kDa). Lab™: Labrafac™ Lipophile, WL 1349. MNC: nanocapsula multi-
capa. mol/mol: ratio mol/mol. NC: nanocapsula. NE: nanoemulsion. PEG-PGA: PEG (5 kDa)-b-PGA (10) (Na). PDI:
indice de polidispersion. PSA: acido polisialico (30 kDa). T80: Tween 80. Vit E: D, L-a-tocopherol. w/w: ratio
peso/peso. Os valores representan a media + desviacion estandar (n > 3).

A administracion N-to-B con diferentes candidatos (NE-2, NE-2-RVG, e NC-5) resultou
nunha acumulacion notable no epitelio nasal, o que poderia facilitar o acceso aos nervios
olfactivos e trixéminos [52,53]. Non obstante, unha modesta acumulacion foi observada no
bulbo olfactivo, no nervio trixémino e na cortiza frontal por parte de NE-2-RVG e NC-5,
suxerindo un posible efecto do ligando ou da carga superficial. Estes resultados foron
interpretados con precaucion, debido & alta variabilidade experimental observada.

Finalmente, a formulacion NC-1 foi elixida para avaliar a sua capacidade de difusién e
rendemento de transfeccion tras a administracion ICV. NC-1 resultou nunha reducion dos niveis
de ARNm obxectivo de mais do 50% en todas as areas cerebrais analizadas (llustracién 3). A
observacion adicional de ARNip confirmou o perfil de difusion e distribucion en todo o cerebro
(HNustracion 4). Curiosamente, a difusién observada supera a do estandar actual para a entrega
de ARN, as LNPs, que s6 se difunden ata 4 mm desde o sitio de administracion tras a inxeccion
ICV [54]. Observouse unha difusion mellorada nas areas proximas ao sitio de administracion,
como o estriado e a cortiza frontal, o que concorda cos resultados obtidos por analises de PCR.

En resumo, desenvolvemos unha biblioteca de multiples NE e NC para a entrega de ARNip
ao cerebro. De entre estes candidatos, NC-1 resultou ser un nanotransportador altamente
prometedor para unha eficiente difusion e transfeccion de ARNip no cerebro. Dado 0 acceso
preliminar ao bulbo olfactivo despois da administracion de N-to-B de diferentes nanosistemas,
as posibles aplicacions dos efectos de difusion e reducion xénica de NC-1 poderian beneficiarse
de vias menos invasivas, 0 que promete ainda mais o seu uso terapéutico. En conxunto, estes
resultados tefien un gran potencial para o tratamento de enfermidades do SNC.
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llustracién 3. PRC cuantitativa dos niveis de ARNm obxectivo despois da administracion ICV de NC-1 en
diferentes areas do cerebro, incluindo a cortiza frontal, o estriado, o hipocampo, o tronco cerebral e o
ganglio espifal. Os resultados normalizaronse utilizando un xene de referencia

Abreviaturas: DRG: ganglio espifal. NC: nanocapsula. PC: control positivo interno. VC: vehiculo control (PBS).
Analises de varianza (ANOVA) de 1 cola contra os grupos PC e NC-1 vs ARNip-2, seguido do método Tukey para
comparacions multiples. Valores p < 0.05 foron considerados estatisticamente significativos (*). Ademais, (**) se
o valor p < 0.01, (***) se o valor p < 0.001. Os valores representan a media + desviacion estandar (n > 3).

llustracion 4. Deteccion de ARNip no cerebro despois da administracion ICV de NC-1. Obtivéronse imaxes
do cerebro completo (arriba, esquerda), e de preto da cortiza frontal (arriba, dereita), o hipocampo
(abaixo, esquerda) e o tronco cerebral (abaixo, dereita)

30



Resumo in extenso

3. NANOEMULSIONS E NANOCAPSULAS POLIMERICAS COMO
VACINAS CONTRA O SARS-COV-2

Durante a pandemia do coronavirus 2019 (COVID-19), investigadores de todo o mundo
colaboraron para desenvolver vacinas contra o SARS-CoV-2, o virus responsable da
enfermidade [55-58]. Este esforzo colectivo levou & aprobacion de ddas vacinas de ARNm,
Comirnaty® e Spikevax®, de BioNTech/Pfizer e Moderna, respectivamente. Ambas
demostraron una eficacia superior ao 90% contra a infeccion sintomatica por SARS-CoV-2
[59,60].

O noso laboratorio formou parte do consorcio COVARNA, co obxectivo de desenvolver
unha vacina de ARNm contra o SARS-CoV-2. Diferentes ARNm foros sintetizados incluindo
un ARNm desefiado para estimular respostas de células T (ARNm de células T ou mT), un
ARNmM destinado a provocar unha resposta de células B (ARNm de células B ou mB), un
ARNM que codifica para o dominio de union ao receptor (RBD) da proteina espiga da superficie
de SARS-CoV-2 (ARNm codificante para RBD ou mRBD), e un ARNm que codifica para un
motivo altamente imunoxénico do dominio RBD (ARNmM codificante para RBDepi 0OU
MRBDegpi). Desenvolvéronse aproximadamente 100 prototipos diferentes de NEs e NCs para a
entrega de ARNm. Entre eles, seleccionaronse 15 en funcion da sua capacidade para cumprir
cos criterios do perfil de produto obxectivo, que incluian un tamafio de particula de menos de
ou aproximadamente 200 nm, unha excelente monodispersidad de particulas, unha alta
eficiencia de asociacion de ARNm, estabilidade ou potencial de liofilizacion e cumprimento
dos requisitos das axencias reguladoras.

Estes nanosistemas foron sometidos a varias avaliacions, incluindo avaliaciéns in vitro
utilizando mdltiples lifias celulares (como células HelLa e células dendriticas humanas, usando
mMGFP) e administracion intramuscular in vivo dun ARNm modelo (ARNm que codifica para
luciferasa ou ovoalbumina). En xeral, NC-4-DX, que consiste nunha NE que contén DOTAP,
DOPE e Tween 80 (denominada NE-4) e esta recuberta por sulfato de dextrano (DX), mostrou
un rendemento superior en comparacién cos demais.

Taboa 4. Propiedades fisicoquimicas de NC-4-DX con diferentes tipos de ARNm contra SARS-CoV-2

Nanosistema ARNm Ratio Diametro  de PDI Potencial { EE
w/wW particula (nm) (mV) (%)
NC-4-DX mOVA 2: 1 1323 0.07 £ 0.03 16+ 2 100
NC-4-DX mT 2: 1 1M1 +6 0.09 £ 0.02 -15+5 100
NC-4-DX mB 2:1 114 +5 0.1 +0.02 -13+5 100
NC-4-DX mRBD 2:1 109+ 6 0.11 £ 0.01 -18+2 90
NC-4-DX MRBDepi 2:1 113 +6 0.09 £ 0.01 -19+3 90
NC-4-DX mT + mB 2: 1 1133 0.10 £ 0.02 134 100
NC-4-DX (n = 2) mT + mRBD 2: 1 105 + 1 0.09 £ 0.01 194 90
NC-4-DX (n = 2) mT + MRBDepi 2:1 106 + 1 0.10 + 0.01 17+ 4 90

Abreviaturas: DX: sulfato de dextrano. EE: eficiencia de encapsulacion. mB: ARNm de células B. mRBD: ARNm
codificante RBD. mRBDepi: ARNm codificante para RBDepi. mT: ARNm de células T. NC: nanocépsula. PDI: indice
de polidispersion. w/w: ratio peso/peso entre o polimero e o contido de ARNm. Os valores representan a media
+ desviacion estandar (n > 3, a non ser indicado doutra forma).
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Dado que NC-4-DX foi 0 noso candidato principal, realizouse a captura de diferentes
ARNmMs para avaliar a sta versatilidade. Como se indica na Taboa 4, o tamafio de particula de
NC-4-DX variou de 105 a 130 nm, dependendo do tipo de ARNm utilizado, con indices de
polidispersidad consistentemente baixos. Ademais, a carga superficial mantivose
consistentemente negativa, oscilando entre -13 e -20 mV. En todos o0s casos, a eficiencia de
encapsulacion superou o0 90%. Estes achados salientan o potencial de NC-4-DX como sistema
de entrega para un candidato a vacina de ARNm. Isto é particularmente relevante no caso do
SARS-CoV-2, xa que multiples mutacions do virus requiriron axustes na carga de ARNm para
manter unha eficacia protectora suficiente [61].

NC-4-DX avaliouse en termos da administracion dun s ARNm contra o SARS-CoV-2
(utilizando mRBD e mRBDepi, na llustracion 5) ou a combinacién de dous ARNms (un
destinado a inducir respostas de céelulas T, mT, en combinacion con mB, mRBD ou mRBDey;,
na llustracion 6).
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llustracion 5. Respostas de células T CD4* e CD8* (arriba) considerando IFN-y, TNF-a, e IL-2 (abaixo,
esquerda). A secreciéon de CD107a por parte das células T foi tamén determinada (abaixo, dereita)

Abreviaturas: DX: sulfato de dextrano. IFN-y: interferon gamma. IL-2: interleucina-2. mLuc: ARNm codificante
para luciferasa. mRBD: ARNm codfificante para RBD. mRBDepi: ARNm codificante para RBDepi. NC: nanocapsula.
TNF-a: factor de necrose tumoral-alfa. Analises de varianza (ANOVA) de 1 cola, seguido do método Tukey para
comparacions multiples. Valores p < 0.05 foron considerados estatisticamente significativos (*). Os valores
representan a media + desviacion estandar (n > 3).
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Coa intencion de distinguir as diferenzas nas respostas inmunoldxicas de mRBD e
MRBDepi, ambos foron encapsulados en NC-4-DX e avalidronse as suas respostas de células T
CD4" e CD8" (llustracién 5, parte superior). Esta avaliacién revelou unha resposta
inmunoldxica mais forte no caso das respostas de células T CD8", onde NC-4-DX-mRBD
induciu respostas significativamente mais elevadas en termos de células T CD8" que segregan
IL-2 e CD107a en comparacion co grupo control. Estas duas citoquinas desempefian un papel
crucial nas respostas inmunoloxicas medidas por células T [62,63]. Finalmente, avaliouse a
combinacién de NC-4-DX-mT con NC-DX-mB, -mRBD ou -mRBDegpi (llustracion 6).
Atoparonse diferenzas significativas nas respostas de células T CD8" cando NC-4-DX-mT
combinouse tanto con NC-4-DX-mRBD como con -RBDepi, en comparacion co grupo de
control (Figura 6, parte superior). A combinacion de mT e mB aumentou significativamente os
niveis de secrecion de IFN-y, en comparacion cos outros grupos avaliados (Figura 6, parte
inferior esquerda). Ademais, a combinacion de mT e mRBD levou a niveis significativamente
mais altos de IL-2 (Figura 6, parte inferior dereita).
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llustracion 6. Resposta de células T CD4* e CD8* (arriba), considerando IFN-y, TNF-a, e IL-2 (abaixo,
esquerda, centro e dereita, respectivamente)

Abbreviations: DX: sulfato de dextrano. IFN-y: interferon gamma. IL-2: interleucina-2. mB: ARNm de células B.
mLuc: ARNm codificante para luciferasa. mRBD: ARNm codificante para RBD. mRBD¢pi: ARNm codificante para
RBDepi. mT: ARNm de células T. NC: nanocapsula. TNF-a: factor de necrose tumoral-alfa. Analises de varianza
(ANOVA) de 1 cola, seguido do método Tukey para comparacions multiples. Valores p < 0.05 foron considerados
estatisticamente significativos (*). Os valores representan a media + desviacion estandar (n > 3).
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En conclusion, nesta parte da tese desefidronse e desenvolvéronse con éxito mais de 100
candidatos para unha vacina de ARNm e identificouse un posible candidato para unha vacina
de ARNm contra o SARS-CoV-2, denominado NC-4-DX. Este nanosistema aumentou 0s niveis
de respostas inmunoloxicas celulares especificas despois da administracion intramuscular de
ARNmM derivados do SARS-CoV-2. Débense realizar estudos adicionais para optimizar a
potencia de NC-4-DX ou as secuencias de ARNm para provocar respostas inmunoloxicas. En
resumo, estes resultados salientan o potencial das NEs e NCs como portadores de entrega para
vacinas de ARNm.
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1. INTRODUCTION

1.1. THE RISING POTENTIAL OF GENE THERAPY

Decision on the approach for the treatment of a medical condition is always challenging.
Ideally, addressing the direct cause of diseases would provide greater advantages than treating
the symptoms. In many pathologies, the cause of the disease lies in the deregulation of genes
encoding proteins, resulting in a malfunction that triggers the symptomology of the disease.

Gene therapies consist of treating a disease by transferring genetic material into the
patient's cells, inducing, inhibiting, or altering the expression of the targeted gene. This enables
or modifies the expression of specific proteins, ultimately correcting the underlying mechanism
responsible for the disease [1,2]. These therapies can be classified based on various factors,
such as the nature of the disease to be treated (genetic disorder or acquired disease), the type of
gene delivery method (integrating or non-integrating), or the type of administration (directly
into the patient, known as in vivo; or into cultured cells, followed by transplantation into the
patient, referred to as ex vivo) [3,4]. Classification can also be based on the target type and
modulation of the genetic expression depicted, as summarized in the following sections. In this
introduction, therapeutics will be classified based on deoxyribonucleic acid (DNA) or
ribonucleic acids (RNA) technology.

1.2. DNA THERAPIES

DNA therapeutics are mainly based on viral transfection of DNA, where a functional copy of
the defective gene is delivered into the desired cells through local or systemic administration.
Typically, this delivery is performed using adeno-associated viruses (AAVS), which are capable
of delivering single-stranded DNA with a low rate of integration into the genome of the host
cells. This reduces the risk of unintended mutagenesis but limits the long-term expression of
the defective gene [5,6]. Several DNA therapies have already been approved by regulatory
agencies. For example, the Food and Drug Administration (FDA) has approved 32 cellular and
genetic therapies based on the delivery of the correct copy of the targeted gene [7]. Among
them, 24 involve ex vivo genetic modification of the patient’s cells; while in vivo gene therapies
comprise 8 drugs, most of which received approval in the last two years (Table 1).

Nevertheless, the primary unmet challenge remains immunogenicity against the vector
itself, which hinders the possibility of redosing [6,8]. In the recent decade, DNA therapeutics
have gained significant attention due to advancements in cluster regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated protein 9 (Cas9), commonly known as
CRISPR- Cas9 technology. This genome editing tool enables the addition, removal, promotion,
or suppression of genetic material at specific genomic locations [9,10]. Currently, the first
CRISPR-Cas9 therapy, intended to treat sickle cell disease and beta-thalassemia, is waiting for
FDA approval [11].
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Table 1. FDA-approved in vivo DNA therapeutics [7]

Drug name FDA Company Delivery  Indication

approval system
Imlygic® 2015 BioVex HSV Melanoma
Luxturna® 2017 Spark Therapeutics AAV Retinal dystrophy
Zolgensma® 2019 Novartis AAV Spinal muscular atrophy
Hemgenix® 2022 CSL Behring AAV Hemophilia B
Adstiladrin® 2022 Ferring Pharmaceuticals AAV High-risk non-muscle invasive bladder

cancer

Vyjuvek™ 2023 Krystal Biotech HSV Dystrophic epidermolysis bullosa
Elevidys 2023 Sarepta Therapeutics AAV Duchenne muscular dystrophy
Roctavian™ 2023 BioMarin Pharmaceutical AAV Hemophilia A

Abbreviations: AAV: adeno-associated virus. HSV: herpes simplex virus.

1.3. RNA THERAPIES

In recent decades, gene therapies based on RNA have been successfully explored as an
alternative to DNA therapies, aiming to completely prevent genome integration and reduce the
immunogenicity associated with DNA-based therapeutics [12,13].

1.3.1. RNA interference

RNA interference (RNAI) relies on the use of small exogenous nucleic acids to interfere
with or modulate the expression of genes responsible for certain diseases. The initial reports of
this phenomenon date from 1998, when researchers discovered double-stranded RNAS
(dsRNAs) capable of silencing genes in Caenorhabditis elegans [14]. Subsequent
investigations identified smaller dSRNAs of 21-22 nucleotides, that depicted similar effects in
mammalian cells [15,16].

Despite the initial excitement surrounding this technology, early clinical trials using
unmodified small interfering RNAs (siRNA) concluded in disappointing results, with highly
toxic immune responses and inconclusive silencing effects [17,18]. Incorporating these
molecules into appropriate delivery systems, such as nanoparticles (NPs), provided initial
evidence of RNAI efficacy upon systemic administration. However, challenges persisted,
including toxicity and inadequate therapeutic effects, which prevented the further development
of these technologies [19]. Undesired immunogenicity associated with both dsRNAs and
delivery excipients was also observed [17,20]. Moreover, the accumulation of RNAI
therapeutics in non-targeted tissues emerged as a significant source of toxicity [21].

All these discouraging findings, obtained in the 2000s and early 2010s, broke the bubble
of enthusiasm about this class of therapies. Nevertheless, researchers and companies continued
to refine RNAI technology, aiming to overcome these challenges. Substantial progress was
made, primarily in terms of structural motifs, sequence selection, chemical modifications,
formulation, and delivery mechanisms [22]. These major improvements culminated in the FDA
approval of the first RNAi therapy, Ompattro® (patisiran). This therapy consists of a siRNA for
the treatment of hereditary transthyretin amyloidosis (hATTR), encapsulated onto a lipid NP
(LNP) [23,24]. This achievement opened new possibilities for genetic therapy in the treatment
of various diseases.
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Among the different types of oligonucleotides designed for RNAI therapies, exogenous
siRNA and microRNA-mimics (miRNA) are the most extensively explored (Figure 1). In both
cases, administered oligonucleotides are internalized into the cell, and processed by the RNA-
induced silencing complex (RISC), which unwinds the RNA duplex and discards the sense or
passenger strand [25,26]. The antisense strand, or guide strand, contains the sequence
responsible for recognizing the targeted mMRNA, resulting in different responses depending on
the type of therapy used [27,28]. These distinct responses will be discussed in the next sections,
and a summary of overall differences among these oligonucleotides can be found in Table 2.

Table 2. Comparison of the general properties between siRNA and miRNA as RNAi therapeutics [29]

General property siRNA miRNA

Structure 21-23 nucleotides 19-25 nucleotides

Complementary to target mRNA Fully complementary Partially complementary

mRNA targets One Multiple (could be over 100 targets)
Mechanism of RNAi mRNA degradation mRNA degradation

Translational suppression

1.3.1.1. Small interfering RNA (siRNA)

siRNAs are short duplex RNA molecules (21-23 nucleotides) specifically designed to
target and inhibit the expression of specific mMRNAS. The sequence specificity of SIRNA allows
to selectively target a single mRNA, enhancing the precision of the RNA. effect [29,30]. Given
this unique feature, sequence selection is a key part of the rational design of siRNAs, and
substantial efforts have been made to optimize their therapeutic potency [31,32]. For instance,
specificity can be improved when siRNA strands are asymmetrical (a 2 nucleotide 3° overhang
on the end) [33,34]. Additionally, guanine (G) and cytosine (C) content significantly impact the
performance of sSiRNA therapeutics and have been optimized within the range of approximately
30-64% [27,35,36]. Moreover, certain sequence motifs, such as those containing uracil (U) and
G, have been found to stimulate immune toxicity, as in the case of UGGC [37]. Other motifs,
like UGU, can enhance the interaction between siRNA and its target mRNA [38].

If sSIRNAs exceed 21 base pairs in length, the intervention of the cytosolic RNAI
pathway enzyme Dicer is needed. This enzyme facilitates the cleavage of the sSiRNA before its
interaction with the RISC complex and processing of the SsiRNA strands [28,39]. The
requirement of this initial processing step can enhance RNAI activity, resulting in improved
selection of the antisense strand within the RISC complex [28]. Conversely, avoiding the
involvement of the Dicer machinery allows for greater chemical modification on the siRNA
duplex, thereby increasing its stability and potency, while reducing side effects associated with
these therapeutics [32,40]. Extensive research has been conducted on the modification of
siRNAs to enhance their properties, with chemical modifications incorporated into the
phosphate backbone, ribose moiety, or nucleotide bases of the sSiRNA therapeutic (Table 3)
[32,41].
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Figure 1. Schematic representation of RNA interference techniques, including siRNA (top) and miRNA
(bottom)

The mechanism of action of both siRNA and miRNA in gene silencing within cells relies on the same cellular
machinery, which involves the processing of these oligonucleotides by the RISC complex. This association
facilitates the interaction with the targeted mRNA. In the case of siRNA, this interaction results in the complete
degradation of the mRNA strand. However, due to the partial complimentary of miRNA with its target mRNAs,
two distinct outcomes are possible: either degradation of the mRNA or suppression of the translation process.
Created with https://biorender.com.
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Table 3. Relevant chemical modifications applied to siRNA therapeutics

Modification family Modification type Effect on its performance as RNAi therapeutic
Phosphate Phosphorothioate Enhanced resistance to nucleases and longer
modification circulation time [42,43].
Phosphorodithioate Increased affinity between RISC and siRNA [44]
Methylphosphonate

Reduce hepatotoxicity [45]
Methoxypropylphosphonate

Phosphonate analogs Increased stability and RISC loading [46-48]

Peptide nucleic acid Not as predominant, used to modify detection
probes [49]

Sugar modification 2’-0-methyl Enhanced stability and affinity for targeted mRNA

[50,51]

2’-0-methoxyethyl Enhanced binding affinity and nuclease protection
[41]

2’-deoxy-2’-fluoro Reduction immunotoxicity and enhanced binding

affinity [41,52]
2’-0-benzyl

o Increased RNAi activity [53]
2’-0-methyl-4-pyridine

Base modification Pseudouridine
2-thiouridine
N-6-methyladenosine Reduction of immunotoxicity and enhanced
5-methylcytidine nuclease protection [54-56]

N-ethylpiperidine 7-EAA

triazole

6’-phenylpyrrolocytosine Enhanced  stability, RNAi  activity, and
fluorescence [57]

5-nitroindole Reduction of-targeted effects [58]

5-fluoro-2’-deoxyuridine Increased RNAi activity [59]

1.3.1.2. MicroRNA-mimics (miRNA)

miRNAs are small, single-stranded RNA molecules (19-25 nucleotides). They are
naturally produced and can play a critical role in the regulation of at least 60% of human genes
encoding for proteins, each containing various miRNA binding domains [60,61]. These
oligonucleotides are critical in the development process, and their dysregulation has been
associated with numerous human diseases [62,63]. A single miRNA can target multiple
mMRNAs within the cytosol, once loaded into the RISC complex, resulting in the degradation of
the targeted mRNA or the suppression of the translation process, thereby stopping the
production of certain proteins [25,61,64,65]. Different miRNA therapeutics can be classified
into two different families: miRNA mimics and miRNA inhibitors. miRNA mimics consist of
double-stranded RNA oligonucleotides, designed to mimick the naturally occurring miRNAs
and their function; while miRNA inhibitors are single-stranded RNA molecules designed to
interfere with miRNAs, inhibiting their function [12]. To enhance their stability, protection
against nucleases, and RNAI potency, miRNA therapeutics can also be chemically modified,
using the same strategies discussed for siRNA. Common chemical modifications include
phosphorothioate, 2°-O-methyl, and locked nucleic acids (LNASs). [66,67].
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1.3.2. Messenger RNA (MRNA)

Messenger RNA (mMRNA) consists of a single-stranded coding RNA, with an average
length of approximately 3 kbps [68]. Similar to plasmid DNA-gene therapies, mRNA contains
the genetic information required for the translation of proteins. However, mRNA does not need
to be delivered inside the nucleus to perform its action; instead, it is translated into the target
protein in the cytosol of the targeted cell [30,69]. Both endogenous and synthetic mRNA
constructs consist of five distinct regions (from 5’ to 3”): 5° cap, 5 untranslated region (UTR),
open reading frame (ORF), 3’ UTR, and a final poly-adenine or poly(A) tail (Table 4) [70,71].

Table 4. Summary of the mRNA regions and their functions

mRNA regions Function

5’ cap Reduction of immunotoxicity and endonuclease degradation. Involvement in the ORF
translation [72,73].

5’ UTR Responsible for mRNA stability, cellular location, and protein translation regulation
[74,75].

ORF Sequence translated into protein [71].

3’ UTR Responsible for mRNA stability, cellular location, and protein translation regulation
[74,75].

poly(A) Responsible for mRNA stability [76].

Abbreviations: A: adenine. ORF: open read frame. UTR: untranslated region.

The 5” cap contains a 7-methylguanosine linked to the 5° end of the mRNA through a
triphosphate bound. This structure reduces unwanted immune responses and enhances mRNA
protection against degradation [72,73]. Additionally, in collaboration with the poly(A) section,
it contributes to mRNA circularization and the recruiting of endosomes, optimizing protein
translation [72,73,76]. The 5’ and 3” UTR sections, located on either side of the ORF, are
responsible for the oligonucleotide half-life, subcellular location, and the regulation of
translation [72,74,75]. Typically, naturally occurring UTRs are optimized based on the cellular
target and intended applications. These optimizations often involve the removal of miRNA-
binding sites and AU-rich regions in the 3’ UTR, to minimize unspecific mMRNA degradation
or the elimination of specific secondary and tertiary structures in the 5 UTR, which can prevent
protein translation [77-79].

The ORF represents the most important portion of the mRNA construct, containing the
sequence necessary for the translation of the target protein. Therefore, fewer modifications are
typically made to this region compared to the rest of the oligonucleotide. The optimizations
performed on the ORF can be summarized in improvements on the mRNA sequence or its
production. [71]. Regarding modifications to the sequence, optimization can be used to reduce
undesired immune responses. Since the immune system can recognize unmodified mRNA
sequences, which are commonly found in viral MRNAs, mRNA constructs have been optimized
with modified nucleosides, specially modified uridine, such us pseudo-uridine, and N1-
methylpseudouridine. These modifications prevent the recognition of the mRNA sequence by
pattern recognition receptors, such as toll-like receptors (TLR) [70,80,81]. Additionally, MRNA
sequences can be optimized to improve translation efficiency without changing the final protein
sequence. This can be achieved by modifying the sequence of frequently occurring codons. For
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example, codons that rarely have specific nucleosides in a determined position can be replaced
with other nucleosides, maintaining the resulting amino acid sequence [82].

Finally, the poly(A) tail is significantly important for mRNA translation and stability [76].
To ensure optimal tail length, the addition of poly(A) of an appropriate length can be achieved
though direct modifications of the DNA template or by the use of a poly(A) polymerase [74].
Long poly(A) tails (greater than 100 bp) are known to significantly enhance the stability of
therapeutic mRNAs; however, this length can destabilize DNA plasmids used to produce
mMRNA. Various modifications on the poly(A) tail, such as the incorporation of specific linkers,
can enhance the stability of the DNA plasmid without compromising the therapeutic efficacy
of the resulting mRNA [83,84].

1.3.3. Other relevant RNA therapy modalities

Gene therapy covers a wide range of technologies. In addition to siRNA, miRNA, and
MRNA, RNA therapeutics also include other classes of oligonucleotides, such as antisense
oligonucleotides (ASOs) or aptamers, some of which have been approved by regulatory
agencies for the treatment of genetic diseases (Table 5) [85].

ASOs are synthetic, short, single-stranded oligonucleotides (12-22 nucleotides) capable of
suppressing the expression of the targeted RNA, thereby modulating protein production
[85,86]. This regulation can be performed by various mechanisms, including pre-mRNA
processing and splicing, competitive inhibition, steric blockade, and degradation mediated by
RNase H1 [87,88]. Over the past two decades, multiple ASOs have received approval, as
summarized in Table 5. Vitravene® (fomivirsen) is the only first-generation ASO and antiviral
oligonucleotide drug approved. It consists of a phosphorothioate-modified ASO, which
enhances enzymatic resistance and circulation time while maintaining RNase H1 activity
[89,90]. Second-generation ASOs incorporate ribose chemical modifications. For instance,
Kynamro® (mipomersen), Tegsedi® (inotersen), and Waylivra® (volanesorsen) are approved
drugs with RNAse H1 degradation therapeutic activity [91-93]. These ASOs have been
chemically optimized to improve binding affinity to target RNA, overall stability, and nuclease
protection, enabling the stability of these nucleic acids upon intravenous administration [94,95].

Further optimization has led to ASOs with the capacity to modulate alternative splicing by
specifically binding to the target sequence and redirecting the spliceosome [96]. These features
are used to either exclude or retain a specific exon of the targeted gene, a process known as
exon skipping and exon inclusion, respectively [97]. The first approved drug in this modality
was Spinraza® (nusinersen), which promotes exon inclusion by preventing the skipping of exon
7, leading to the production of the desired stable protein [98,99].

Additional modifications have resulted in the development of splice-switching ASOs, also
known as phosphorodiamidate morpholino (PMO). These ASOs offer enhanced nuclease
protection and facilitate exon skipping within the genome [100,101]. Exondys 51® (eteplirsen),
Vyondys 53® (golodirsen), Viltepso® (vitolarsen), and Amondys 45® (casimersen) are clinically
approved PMOs used to modify splicing in Duchenne muscular atrophy [102-105].
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Table 5. ASO and aptamer therapeutics approved by FDA [85]

Drug name Commercial FDA Company Type Adm. Indication
name approval nucleic acid route

Fomivirsen Vitravene® 1998 Isis ASO IVT CMV
Pharmaceuticals retinitis

Pegaptanib Macugen® 2004 Eyetech Aptamer IVT Neovascular
Pharmaceuticals AMD

Mipomersen Kynamro® 2013 Genzyme ASO SC HoFD
Corporation

Eteplirsen Exondys 51™ 2016 Sarepta ASO v DMD
Therapeutics

Nusinersen Spinraza® 2016 Biogen ASO IT SMA

Inotersen Tegsedi® 2018 lonis ASO SC hATTR
Pharmaceuticals

Golodirsen Vyondys 53™ 2019 Sarepta ASO v DMD
Therapeutics

Volanesorsen Waylivra® 2019 Akcea ASO SC FCS
Therapeutics

Vitolarsen Viltepso® 2020 NS Pharma ASO v DMD

Casimersen Amondys 45 2021 Sarepta ASO v DMD

Therapeutics

Abbreviations: AMD: age-related macular degeneration. ASO: antisense oligonucleotide. CMV: cytomegalovirus.
DMD: Duchenne muscular atrophy. FCS: familial chylomicronemia syndrome. hATTR: hereditary transthyretin
amyloidosis. HOFD: homozygous familial hypercholesterolemia. IT: intrathecal. IV: intravenous. IVT: intravitreal.
SC: subcutaneous.SMA: spinal muscular dystrophy.

Lastly, aptamers are short, single-stranded RNAs with the capacity to bind to a variety of
targets, such as peptides and proteins, serving as agonists or antagonists of those biomolecules
[12]. As an example, the only aptamer currently approved is Macugen® (pegaptanib), capable
of targeting the vascular endothelial growth factor to treat macular degeneration [106].

1.4. NANOTECHNOLOGY AS AN ENABLING TECHNOLOGY IN RNA THERAPY

Besides the advantages that chemical modifications offer to enhance the stability and
performance of oligonucleotides, delivery systems are a key component in RNA therapy
strategies [107,108]. For example, due to its size and inherent instability, mRNA requires the
use of delivery vehicles to prevent degradation, regardless of the chemical modifications
applied [12].

In the case of SIRNA, which is considerably shorter and more stable than mRNA, various
strategies have been followed leading to approval by regulatory agencies (Table 6) [85]. The
first approved siRNA drug, Onpattro® (patisiran) comprises a modified siRNA encapsulated
within an LNP. Despite the chemical modifications applied to the siRNA sequence, Onpattro®
still required the use of LNPs for the delivery of the siRNA to the liver [23,109]. LNPs are
lipid-based nanosystems, typically composed of four distinct families of lipids: ionizable lipids,
phospholipids, cholesterol, and polyethylene glycol (PEG)-lipids [110,111].
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Table 6. siRNA therapeutics approved by FDA [85]

Drug Commercial FDA Company Delivery system Indication

name name approval

Patisiran Onpattro® 2018 Alnylam LNP hATTR

Givosiran Givlaari® 2019 Alnylam GalNAc-siRNA Acute hepatic porphyria
Lumasiran Oxlumo® 2020 Alnylam GalNAc-siRNA PH1

Inclisiran Leqvio® 2021 Novartis GalNAc-siRNA HeFH or ASCVD
Vutrisiran Amvuttra® 2022 Alnylam GalNAc-siRNA hATTR

Abbreviations: ASCVD: clinical atherosclerotic cardiovascular disease. GalNAc: N-acetylgalactosamine. hATTR:
hereditary transthyretin amyloidosis. HeFH: heterozygous familial hypercholesterolemia. LNP: lipid nanoparticle.
PH1: primary hyperoxaluria type 1.

lonizable lipids ensure high encapsulation of nucleic acids, maintaining a neutral surface
charge at physiological pH, and facilitating the endosomal escape of the cargo upon cellular
uptake. They have been extensively optimized to enhance their transfection efficiency while
reducing toxicity and immune-related side effects [112]. Phospholipids, also known as helper
lipids, contribute to the stability and endosomal scape properties of the LNPs due to their
structural properties and the geometry of their saturated and unsaturated tails [80]. Cholesterol
is fundamental for the overall stability and rigidity of the LNP [110]. PEGylated lipids play a
significant role in the LNP stability and circulation time; however, inhibition of cellular uptake
due to the PEGylated surface is known to reduce the transfection efficiency [113,114].
Consequently, various PEGylated lipids have been optimized, intended to balance the stability
and transfection of the resulting LNPs [115].

The remaining approved siRNA therapeutics have been extensively modified, not only
with chemical modifications to improve stability, nuclease protection, or therapeutic effect but
also for targeted delivery to the liver. This modification entails the attachment of a ligand
containing a triantennary N-acetylgalactosamine (GalNAc) [116,117]. GalNAc sugars can
specifically recognize a receptor overexpressed on the hepatocyte surfaces, known as the
asialoglycoprotein receptor carbohydrate recognition domine (ASGPR-CRD) [118]. Upon
interaction with the receptor, GaINAc-siRNA conjugates enter the endosomal compartments,
although some reports suggest that less than 0.1% of these conjugates successfully escape
endosomes [117,119,120]. Furthermore, this delivery method achieves delivery solely to the
liver due to the absence of ASGPR-CRD in other tissues and the specificity of GaINAc [118].

On the other hand, LNPs, and delivery nanosystems in general, can not only offer
protection against degradation but can also lead to different biodistribution profiles, primarily
determined by the nanocarrier composition. For example, the addition of different lipids (such
as 1,2-dioleoyl-3-dimethylammonium propane or DODAP, or 1,2-dioleoyl-3-trimethyl-
ammonium propane or DOTAP) into classical LNPs can alter their fate, redirecting them away
from the liver to reach other organs, such as lung or spleen [121,122]. Furthermore, the ability
to functionalize these nanocarriers with various targeting ligands provides the opportunity to
reach different organs following intravenous administration [123]. Lastly, as mentioned earlier,
different ionizable lipids have been optimized to enhance the endosomal escape of the RNA
cargo, significantly improving the transfection performance of LNPs [111].

RNA delivery is not limited to LNPs or chemical modifications, as various other
nanosystems are being explored for diverse purposes. In the following sections, different
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promising nanocarriers designed for RNA delivery into the central nervous system (CNS) or as
vaccines are going to be explored.

1.4.1. Gene therapy of central nervous system (CNS) diseases

Multiple types of nanocarriers have been developed for delivering oligonucleotides into
the CNS to treat various disorders. In this section, we describe selected nanotechnological
approaches involving RNA therapeutics that have been proven effective in treating CNS
diseases in animal models (Table 7).

Numerous nanocarriers have been functionalized for the delivery of RNA into the brain
upon intravenous administration. This route of administration poses several inherent
challenges, including ensuring nanoparticle stability in the bloodstream, effectively delivering
the cargo to the target tissue, and evading clearance mechanisms. Moreover, accessing the CNS
from the bloodstream requires crossing the blood-brain barrier (BBB). This protective barrier
surrounds cerebral blood vessels, maintaining CNS homeostasis and regulating the entry of
potentially harmful substances. Unfortunately, it also hampers the transport of therapeutics and,
consequently, delivery systems into the brain [124-126]. To overcome this challenge,
nanocarriers intended to access the brain upon intravenous administration have been
functionalized with various targeting ligands.

For this purpose, cell-penetrating peptides targeting specific receptors in the BBB have
been widely used to functionalize nanocarriers, facilitating RNA delivery into the brain. Among
them, Angiopep-2 has received significant attention, especially for transporting cargo of interest
for the treatment of glioblastoma. This peptide specifically targets the low-density lipoprotein
receptor-related protein-1 (LRP1), found in the BBB endothelial cells and human glioblastoma
cells. These attributes confer Angiopep-2 the ability to enhance BBB penetration and target
glioblastoma [127,128]. For example, liposomes functionalized with Angiopep-2 and loaded
with siRNA targeting Golgi phosphoprotein 3 (GOLPH3) resulted in a modest increase in
animal survival rates and a reduction in tumor volume in a glioblastoma mice model [129].
The same functionalization strategy was used in poly(lactic-co-glycolic acid) (PLGA)-NPs for
co-delivery of siRNA GOLPH3 and the small molecule gefitinib, leading to successful
accumulation in the brain and reduced levels of GOLPH3 in a glioblastoma model [130].
Notably, this study is one of the few that quantified the siRNA knockdown effect, providing
valuable insights into RNAI therapy outcomes, whereas most investigations into glioblastoma
focus primarily on tumor reduction and animal survival rates.

Polymeric nanosystems have also been functionalized with Angiopep-2 for the intravenous
delivery of siRNA with the intention of crossing the BBB. For example, chitosan-PLGA NPs
functionalized with Angiopep-2 and loaded with siRNA epidermal growth factor receptor
(EGFR) and doxorubicin (DOX) resulted in significant tumor reduction [131]. Angiopep-2 was
similarly used to functionalize guanidinium-PEG block-polymer NPs, for co-delivery of SiRNA
polo-like kinase 1 (PLK1) and vascular endothelial growth factor receptor 2 (VEGFR2) [132];
as well as miR-124 and anti-miR-21 [133]. Again, these positive results were mainly based on
reduced tumor size and body weight loss, without a comprehensive assessment of the silencing
effects on targeted mRNAS or protein production.

Another tumor-penetrating peptide, tLyp-1, was combined with Angiopep-2 for the
functionalization of liposomes loaded with siRNA against vascular endothelial growth factor
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(VEGF) and docetaxel (DTX). Again, the result was a decrease in the tumor size in a
glioblastoma mice model [134]. A similar strategy was used in poly(amido amine) (PMAM)
dendrimers, functionalized with both tLyp-1 and anti-NKG2A monoclonal antibody, to deliver
siRNA targeting long stress-induced non-coding transcript 5 (LSINCTD5), resulting in increased
survival in a glioblastoma model [135].

Overall, despite the various approaches to treat glioblastoma through the use of
nanocarriers functionalized with the said peptides, the reality is that the mechanistic details have
not been well investigated and, therefore, the efficiency of the formulation approaches has not
been well validated.

Table 7. Relevant examples of nanocarriers for the delivery of siRNA and miRNA into the CNS

Delivery Cargo Disease Size Z-Pot Targeting Administration Ref
system (nm) (mV) molecule route
Liposome SiRNA Glioblastoma 88 +10 Angiopep-2 v [129]
GOLPH3
PLGA- siRNA Glioblastoma 80 +20 Angiopep-2 v [130]
liposome GOLPH3
and Ge
CS-PLGANP  siRNA Glioblastoma 190 +40 Angiopep-2 v [131]
EGFR
and
DOX
Gu NP SiRNA Glioblastoma 40 - Angiopep-2 v [132]
PLK1
and
VEGFR2
Gu NP miR-124 Glioblastoma 30 - Angiopep-2 v [133]
and
anti-
miR-21
Liposome SiRNA Glioblastoma 150 +25 tLyP-1 and IT and IV [134]
VEGF Angiopep-2
and DTX
PMAM SiRNA Glioblastoma 103 +7 tLyP-1 and v [135]
dendrimer LSINCT5 anti-NKG2A
Ab
Liposome SiRNA SCA3 196 - RVG v [136]
mutant
ataxin-3
Gu NP SiRNA AD 120 - Galactose v [137]
BACE-1
PEI NP siRNA a- PD 90 - ICvV [138,1
synucl 39]
LNP SiRNA - 55 - - IcvV [140]
PTEN

Abbreviations: AD: Alzheimer’s disease. anti-NKG2A Ab: anti-NKG2A monoclonal antibody. BACE-1: B-secretase
1. CS: chitosan. DOX: doxorubicin. DTX: docetaxel. EGFR: epidermal growth factor receptor. Ge: gefitinib.
GOLPH3: Golgi phosphoprotein 3. Gu: guanidinium. ICV: intracerebroventricular. IT: intratumoral. IV:
intravenous. LNP: lipid nanoparticle. LSINCT5: long stress-induced non-coding transcript 5. miR: microRNA. NP:
nanoparticle. PD: Parkinson’s disease. PEI: poly(ethylenimine). PLGA: poly(lactic-co-glycolic acid). PLK1: polo-
like kinase 1. PMAM: poly(amido amine). PTEN: phosphatase and tensin homolog 1. RNA: ribonucleic acid. RVG:
rabies virus glycoprotein. SCA3: spinocerebellar ataxia 3. siRNA: small interfering RNA. tLyP-1: truncated form
of LyP-1. VEGF: vascular endothelial growth factor. VEGFR2: vascular endothelial growth factor receptor 2.
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Other diseases have been treated via intravenous administration, using various targeting
ligands. For example, rabies virus glycoprotein (RVG) has been used to facilitate the transport
of liposomes loaded with siRNA against mutant ataxin-3 into the brain in a spinocerebellar
ataxia 3 (SCA3) model. This approach led to enhanced brain accumulation and reduced
neuropathology by decreasing the levels of the mutant ataxin-3 [136]. On the other hand,
guanidium NPs were functionalized with galactose, which binds to glucose transporter 1
(Glutl) receptors overexpressed in the BBB for the treatment of Alzheimer’s disease. This
targeting strategy enabled the delivery of siRNA B-secretase 1 (BACE-1), resulting in reduced
BACE-1 mRNA and protein levels, as well as decreased amyloid-p levels in the hippocampus
and the cortex areas [137].

In a different context, studies have attempted to understand the diffusivity and RNAI
activity using different NPs upon intracerebroventricular (ICV) administration. For instance,
poly(ethylenimine) (PEI) NPs were employed to deliver siRNA a-synuclein in a Parkinson’s
disease model. The results showed a reduction of a-synuclein levels in the striatum, this being
attributed to an acceptable diffusion of the nanocomplexes in the brain [138,139]. However,
this interpretation would require an adequate validation. In another example, LNPs loaded with
siRNA against phosphatase and tensin homolog 1 (PTEN) were used to assess diffusivity after
their ICV administration. The results showed a diffusion up to 4 mm from the injection site,
accompanied by a 50% reduction in PTEN levels in the striatum and a 55% reduction in the
hippocampus [140]. These comprehensive studies contribute to the understanding of NPs in the
brain, as well as their ability to deliver RNAI therapeutics and to facilitate their function.

Table 7. Relevant examples of nanocarriers for the delivery of siRNA and miRNA into the CNS
(continuation)

Delivery Cargo Disease Size Z-Pot Targeting Administration Ref
system (nm) (mV) molecule route
CS NP SiRNA Glioblastoma 141 +32 - N-to-B [146,
Gal-1 147]
PEG-PCLNP  siRNA Glioblastoma 160 +9 Tat N-to-B [143]
Raf-1
and CPT
PEG-PCLNP  siRNA Ischemia 62 +19 Tat N-to-B [144]
TNF-a
PEG-PLGA miR-124 Ischemia 204 - RVG N-to-B [145]
NPs
PEG-PLA miR-132  AD/Ischemia 191 -25 WGA N-to-B [146]
NPs
PEG-PGA - miR-132 AD 96 +4 - N-to-B [147]
r8-C12 NCX

Abbreviations: AD: Alzheimer’s disease. CPT: camptothecin. CS: chitosan. Gal-1: galectin-1. miR: microRNA.
NCX: nanocomplex. NP: nanoparticle. N-to-B: nose-to-brain. PCL: poly(e-caprolactone). PEG: polyethylene
glycol. PGA: polyglutamic acid. PLA: poly(D,L-lactic acid). PLGA: poly(lactic-co-glycolic acid). r8-C12:
octaarginine-lauric acid. Raf-1: serine-threonine kinase 1. RNA: ribonucleic acid. RVG: rabies virus glycoprotein.
siRNA: small interfering RNA. Tat: trans-activator of transcription protein. TNF-a: tumor necrosis factor-a. WGA:
wheat germ agglutinin.
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Extensive research has also been done on less invasive administration routes, such as nose-
to-brain (N-to-B), primarily using polymeric nanocarriers. In the case of glioblastoma, chitosan
NPs administered through this route delivered siRNA targeting galectin-1 (Gal-1) to the brain,
increasing animal survival rates. Furthermore, combining them with temozolomide or PD-1
blocking resulted in a synergetic effect, further increasing survival times [141,142]. Similarly,
to treat glioblastoma, polyethylene glycol-poly(e-caprolactone) (PEG-PCL) nanomicelles
loaded with siRNA targeting serine-threonine kinase (Raf-1) and camptothecin (CPT), and
functionalized with a truncated version of the trans-activator of transcription (Tat) protein of
the human immunodeficiency virus (HIV), led to improved survival and tumor reduction [143].
This same nanosystem was used to deliver siRNA targeting tumor necrosis factor-o. (TNF-a) in
an ischemic stroke model, resulting in a significant reduction of the infracted area [144].

In addition, for ischemic stroke treatment, PEG-PLGA NPs functionalized with RVG were
used to deliver miR-124, resulting in significant modulation of the targeted mRNAs and
reduction in the infracted area [145]. A similar reduction of the infracted area was achieved
with PEG-poly(D, L-lactic acid) (PEG-PLA) NPs loaded with miR-132 and chemically
modified with wheat germ agglutinin (WGA). In the same study, the efficacy of this nanocarrier
was evaluated in an Alzheimer’s disease model, leading to significant behavioral improvements
and decreased amyloid-B accumulation [146]. Additionally, our own group has developed an
r8-C12 nanocomplex (NCX) coated with PEG-polyglutamic acid (PGA) for delivering miR-
132, resulting in a significant modulation of mMRNA targets in both the olfactory bulb and the
hippocampus area [147].

In summary, most of the research focused on CNS delivery of RNAI therapeutics has been
concentrated on glioblastoma treatment and the use of Angiopep-2 for CNS access. In cancer
research, the primary focus appears to be assessing the anti-tumor effect of the therapeutics.
While crucial for advancing these therapies, these findings alone do not provide sufficient
insights into the fate of NPs in the brain or the silencing effects of RNAI therapeutics. Most
research in this context is limited to in vitro studies, which may not always correlate with the
in vivo outcomes.

Conversely, there is a growing trend in other CNS-related diseases, such as Alzheimer’s
disease, to assess targeted mMRNA or protein levels. This may arise from the need for techniques
to evaluate therapy results beyond behavioral improvements in animals. However, there
remains a significant gap in understanding the processes NPs loaded with RNAI therapeutics
undergo once they reach the CNS, including their diffusion, localization, and quantification of
silencing effects. While reaching the CNS through targeting ligands or alternative
administration routes is important, achieving the intended site of action within the brain and
ensuring successful transfection is equally crucial, and at times, underestimated. Further
research in this field would advance the development of genetic therapeutics for CNS diseases.
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1.4.2. VVaccines

Different oligonucleotide vaccines have been approved in the past decade (Table 8). Only
one DNA vaccine has been commercialized thus far. In 2017, the FDA approved Heplisav-B®,
which consists of a phosphorothioate-modified DNA sequence capable of preventing hepatitis
B liver infection, caused by the hepatitis B virus [148,149].

Table 8. Oligonucleotide vaccines approved by the FDA [85]

Drug name Commercial FDA Company Type nucleic acid Indication
name approval

Hepatitis B Heplisav-B® 2017 Dynavax DNA Hepatitis B

vaccine Technologies

Tozinameran Comirnaty® 2021 BioNTech/Pfizer mRNA SARS-CoV-2

Elasomeeran Spikevax® 2021 Moderna mRNA SARS-CoV-2

Abbreviations: DNA: deoxyribonucleic acid. mRNA: messenger RNA. RNA: ribonucleic acid. SARS-CoV-2: severe
acute respiratory syndrome coronavirus 2.

Conversely, mRNA vaccines can be categorized into two different families: conventional
non-replicating mRNA vaccines, which encode the protein of interest; and self-amplifying
MRNA (SAM) vaccines, which additionally include the necessary machinery for RNA
amplification within cells, thereby increasing antigen expression [70]. Currently, only two
conventional MRNA vaccines have received regulatory authorization from the European
Medicines Agency (EMA) and the FDA: Comirnaty® from BioNTech/Pfizer, and Spikevax®
from Moderna. Both mRNA vaccines target the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and comprise a modified SARS-CoV-2 spike protein mRNA encapsulated
onto LNPs [150]. These vaccines share certain similarities, such as the chemical modifications
on the mRNA sequence and specific LNP characteristics (e.g., cholesterol content, use of the
same helper lipid, and similar PEGylated components). Differences between Comirnaty® and
Spikevax®, aside from the mRNA sequence, primarily involve the condensing lipid (ALC-0315
and SM-102, respectively) and the administered dose (30 pg and 100 pg, respectively)
[110,151]. Both vaccines have reported efficacy rates of over 90% against SARS-CoV-2
infection, 100% efficacy against severe diseases, and favorable safety profiles [152,153].

Currently, more than 20 clinical trials are being conducted for mRNA vaccines
encapsulated onto LNPs, intended for application in various diseases beyond SARS-CoV-2
[110,154]. For example, Moderna is developing an mRNA vaccine against influenza, named
mMRNA-1010, which encodes for the surface protein hemagglutinin of four influenza virus
strains, encapsulated onto an LNP. In phases | and 1l (NCT04956575), this vaccine candidate
elicited hemagglutination inhibition levels against all strains and exhibited a safety profile that
supported its advancement to phase 111 (NCT05415462) [155]. Another promising clinical trial
is being conducted for mRNA-1345, an adult respiratory syncytial virus (RSV) vaccine. This
particular vaccine comprises an mRNA encoding for the prefusion F glycoprotein of the virus,
encapsulated in the same LNP as Spikevax®. Phase | results demonstrated good tolerability
across all tested doses in different age groups (NCT04528719), and phase Il/I11 is currently
assessing the efficacy of a single dose of the vaccine (NCT05127434) [156]. Clinical trials are
also investigating the use of mMRNA vaccines in cancer treatment, such as the personalized
MRNA vaccine mMRNA-4157 in combination with immune checkpoint inhibitors for melanoma

54



Introduction

treatment. Phase | results highlighted the enhanced effect of the combination therapy compared
to the anticancer drug alone, and phase Il trials will commence soon (NCT03897881) [157,158].

In addition to LNPs, other types of nanocarriers have been extensively explored for the
delivery of mRNA vaccines (Table 9). For instance, cationic nanoemulsions (NES) containing
DOTAP, squalene, Span 85, and Tween 80 have been used to deliver SAM vaccines for diseases
like RSV, HIV, and human CMV (hCMV) in different animal models [159]. The RSV vaccine,
consisting of a SAM encoding for the fusion glycoprotein (F), induced F-specific serum IgG in
mice after two intramuscular administrations. The hCMV vaccine was tested in macaques,
using a SAM encoding for both enveloped glycoprotein B (gB) and phosphoprotein 65-
immediate early protein 1 (pp65-1E1), resulting in significant gB-specific 1gG and neutralizing
antibodies after a single intramuscular administration, with further amplification following a
booster dose. Moreover, CD4* and CD8" T cells were detected in animals. Another relevant
example is a SAM-based HIV vaccine, encoding for gp140 enveloped glycoprotein (gp140).
Following intramuscular administration, this SAM vaccine formulated in a NE led to higher
levels of gp140-specific serum 1gG and neutralizing antibodies after two immunization sessions
compared to the same free cargo and the SAM entrapped in a viral replicon particle. This same
formulation was also used in macaques, resulting in a potent cellular immune response and
neutralizing antibodies that exceeded those produced with the same mMRNA cargo encapsulated
in a viral replicon particle [160].

Table 9. Relevant examples of nanocarriers for the delivery of mRNA vaccines

Delivery Cargo Disease Size (nm) Z-Pot (mV) Administration Ref
system route

NE F SAM RSV 130 +30 IM [159]
NE gB PP65-1E1 SAM hCMV 130 +30 IM [159]
NE gp140 SAM HIV 130 +30 IM [159]
NE gp140 SAM HIV -100 - IM [160]
PEI-SA NP gag mRNA HIV 120 - SC [161]
PEI-CD NP gp120 mRNA HIV 120 +26 IN [162]
PGS NP RBD mRNA SARS- 165 -4 IM [163]

Cov-2

Dendrimer HAp SAM Influenza ~ 200 - IM [164]
Dendrimer EBOV gp SAM Ebola ~ 200 - IM [164]
Dendrimer 6-Ag SAM T. gondii ~ 200 - IM [164]

Abbreviations: 6-Ag: six antigens onto same construct (GRA6, ROP2A, ROP18, SAG1, SAG2A, AMA1). AMAT1: apical
membrane antigen 1. EBOV gp: Ebola virus glycoprotein. F: fusion glycoprotein. gag: group-specific antigen. gB:
envelope glyocoprotein B. gp120: enveloped glyocoprotein 120. gp140: envelope glycoprotein 140. GRA6: dense
granule protein 6. HA: hemagglutinin protein. HIV: human immunodeficiency virus. IM: intramuscular. IN:
intranasal. mMRNA: messenger RNA. NE: nanoemulsion. NP: nanoparticle. PEI-CD: poly(ethylenimine)-
cyclodextrin. PEI-SA: poly(ethylenimine)-stearic acid. PGS: polyglucan-spermidine. pp65-iE-1: phosphoprotein
65-immediate early protein 1. RBD: receptor binding domain. RNA: ribonucleic acid. ROP2A: rhoptry protein 2A.
ROP18: rhoptry protein 18. RSV: respiratory syncytial virus. SAG1: surface antigen 1. SAG2A: surface antigen 2A.
SAM: self-amplifying mRNA. SARS-CoV-2: severe acute respiratory syndrome coronavirus 2. SC: subcutaneous. T.
gondii: Toxoplasma gondii.
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Polymeric nanocarriers have also been extensively studied for their use as mRNA vaccines.
For example, PEI modified with stearic acid nanoparticles (PEI-SA NP) have been used to
deliver mRNA encoding the HIV group-specific antigen protein (gag). Subcutaneous
administration in healthy mice led to greater antigen-specific immune responses compared to
naked mRNA [161]. A similar nanocarrier, consisting of PEI-cyclodextrin NP loaded with
MRNA encoding for HIV glycoprotein 120, was administered intranasally, resulting in an
extended nasal residence time and HIV immune T cell response with increased cytokine
production compared to unmodified PEI NP [162].

Polymers have also been used for the development of vaccines against SARS-CoV-2. For
example, polyglucin-spermine complexed to mMRNA encoding for the receptor binding domain
(RBD) led to significant levels of specific neutralizing antibodies following intramuscular
administration, surprising those produced by naked mRNA [163]. Dendrimers have been
explored as delivery carriers for various SAM vaccines, including influenza virus, Ebola virus,
and Toxoplasma gondii (T. gondii) [164]. A single dose of the dendrimer-encapsulated SAM
encoding the hemagglutinin protein (HAp), a prime and boost administration of the SAM
vaccine encoding the Ebola virus glycoprotein (EBOV gp), and a single administration of SAM
vaccine for six antigens for T gondii protected the animals against a lethal dose of influenza
virus, Ebola virus, and T. gondii, respectively.

Overall, despite the promising results achieved by several polymeric nanocarriers in
preclinical animal studies, there are currently no polymeric nanocarriers in clinical trials for any
MRNA vaccine candidates for any indication. We hypothesize that this could be due to multiple
reasons. First, LNPs have demonstrated at the clinical level superior transfection efficiency in
terms of MRNA delivery compared to any other nanocarrier. Secondly, there are some toxicity
concerns related to the components of nanocarriers, such as DOTAP or PEI, for example.
Lastly, previous failure of nanocarriers other than LNPs in advanced stages of clinical trials as
protein vaccines has set a negative precedent. For example, ResVax™, developed by Novovax,
was an RSV vaccine encapsulated onto a polysorbate 80 polymer in combination with an
aluminum phosphate adjuvant. Initial clinical trials demonstrated overall safety and ability to
induce strong RSV-neutralizing antibodies [165-167]. However, it failed in Phase Il trials
(NCT02608502), proving ineffective in preventing RSV disease. Examples like this could
explain why the field is easily moving towards LNP vaccines, which already hold regulatory
approval.

Significant efforts are underway to develop safer and more biodegradable polymers and
lipids, and advances are being made to improve the transfection potency of mRNA using
nanosystems, other than LNPs. These combined efforts may help address the various unmet
challenges, allowing new nanotechnological approaches to emerge for their use as mRNA
vaccines.
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1. BACKGROUND

Genetic therapies hold promise for treating a wide range of diseases by successfully regulating
the expression of effective genes responsible for the development and progression of various
conditions. To harness this potential, the design of specific nanocarriers for delivering genetic
material, such as ribonucleic acids (RNA), to their target site, is fundamental [1,2]. Lipid
nanoparticles (LNPs) are currently recognized as the standard nanosystems for RNA delivery,
being the only nanosystems currently approved for the transport of this type of cargo [3,4].
Nevertheless, despite their favorable regulatory status, several challenges are still unmet. These
challenges include their predominant accumulation in the liver following intravenous
administration and their limited access and diffusion across the targeted site. These limitations
constrain their applications for the treatment of diseases in challenging tissues, such as the
central nervous system (CNS) [5-8].

Over recent decades, CNS-related diseases have become the second leading cause of
mortality worldwide [9]. These conditions remain inadequately treated due to the limited
effectiveness of conventional therapies. Hence, these diseases could potentially benefit from
therapies intended to deal with the cause of the disease rather than with the symptoms [10-12].
However, the multiple protective barriers surrounding the CNS impede the delivery of
therapeutic agents, notably those with high hydrophilicity. Moreover, in the case of genetic
therapies, the polynucleotides have to be transported not only to the tissue but also to the inner
of the targeted cells. In such situation, the use of adequate delivery carriers becomes critically
important [13,14]. Ideally, an effective delivery carrier should possess the capacity to diffuse
across the CNS, enabling the distribution of the genetic cargo to cells located in multiple regions
of the brain [15]. The exploration of non-invasive modalities of administration has also become
important for enhancing patient compliance [16,17].

Another RNA-based application that has gained significant attention in recent years is
messenger RNA (mRNA) vaccines [18,19]. This is largely due to their role during the
coronavirus disease 2019 (COVID-19) pandemic and the development of two mRNA vaccines,
both using LNPs as delivery systems [20,21]. Substantial efforts have been dedicated to
developing nanocarriers for mRNA vaccines, with the objectives of protecting the cargo and
eliciting immune responses capable of mitigating the effects of multiple infectious diseases,
including the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [22].

2. HYPOTHESIS

1. The formulation of lipids typically used on LNPs in the form of nanoemulsions (NEs),
may lead to novel RNA-loaded ionizable NEs (iNEs) with improved diffusivity within
the brain while ensuring an efficient transfection.

2. Following a rational design, NEs, and polymer NCs can be engineered to efficiently

encapsulate small interfering RNA (siRNA) and have access and diffuse across the CNS
through nose-to-brain (N-to-B) and intracerebroventricular (ICV) administration.
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3.

NEs and polymeric NCs can be formulated as potential delivery systems for mRNA
vaccines. The specific compositions of these nanocarriers may determine their safety
profiles and the immune responses elicited against SARS-CoV-2.

3. OBJECTIVES

Based on the background information, the final goal of this thesis was to design and develop
delivery systems for RNA therapeutics, with a focus on addressing challenging diseases, such
as CNS conditions and SARS-CoV-2. This main goal involves two primary experimental
directions:

74

To design and develop versatile, diverse NEs and polymeric NCs for brain delivery of
RNA, allowing the diffusion from the administration point to multiple brain regions and
achieving the modulation of the target expression. Different administration routes and
oligonucleotides cargos were explored.

To engineer NEs and polymeric NCs as delivery carriers for mRNA vaccines, ensuring
cargo protection and capacity to elicit immune responses against SARS-CoV-2.

More precisely, to achieve these objectives, the following experimental activities were
undertaken:

1. Design and development of an iNE for RNA delivery in the CNS, capable of diffusing

within the brain and efficiently transferring the genetic cargo into brain cells. This
activity has involved:

a. The formulation and characterization of an INE loaded with different RNA cargos,
including siRNA, miRNA, and mRNA.

b. The assessment of the transfection capacity in brain cell models.
c. The evaluation of the diffusion and transfection capacity in vivo.

The results corresponding to this objective are presented in Chapter 1: “lonizable
nanoemulsions for RNA delivery in the brain”.

Design and development of NEs and polymeric NCs loaded with siRNA, and their
evaluation following different alternative routes to access the brain. This activity has
involved:

a. The design, development, and characterization of a library of NEs and polymeric
NCs loaded with siRNA.

b. The functionalization of a promising candidate with a targeting ligand.

c. The evaluation of the in vitro cytotoxicity and transfection profiles.
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d. The assessment of brain distribution and knockdown effect through N-to-B and ICV
administration.

The results corresponding to this objective are presented in Chapter 2:
“Nanoemulsions and polymeric nanocapsules for nose-to-brain and intracerebro-
ventricular delivery of SIRNA”.

3. Design and development of NEs and polymeric NCs as an mRNA vaccine candidate
against SARS-CoV-2. This activity has involved:

a. The design, development, and characterization of a library of NEs and polymeric
NCs loaded with mRNA.

b. The evaluation of the in vitro cytotoxicity and transfection profile in relevant cellular
lines.

c. The evaluation of the in vivo transfection efficiency and capacity to elicit immune
response using model MRNAS.

d. The assessment of the immune responses in vivo using SARS-CoV-2 derived
mRNA.

The results corresponding to this objective are presented in Chapter 3:
“Nanoemulsions and polymeric nanocapsules as SARS-CoV-2 vaccines”.
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Chapter 1: lonizable nanoemulsions as nanocarriers for RNA delivery
to the brain

This work has been done in collaboration with the BioFarma Research Group and the Cell and
Molecular Neurobiology of Parkinson’s disease Group, Center for Research in Molecular
Medicine and Chronic Diseases (CiMUS), University of Santiago de Compostela (Santiago de
Compostela, Spain), the VIaams Instituut voor Biotechnologie (VIB) Center for Brain and
Disease, VIB-Leuven, Center for Human Genetics, Universitaire Zeikenhuizen and Leuven
Research Institute for Neuroscience and Diseases, KU-Leuven (Leuven, Belgium).

ABSTRACT

Currently, lipid nanoparticles (LNPs) are considered the gold standard for RNA delivery.
However, this delivery platform lacks the necessary diffusivity to enable the dissemination of
RNA payload in the targeted tissue, making it challenging to deliver the cargo to specific cells.
This limitation is particularly relevant for tissues with difficult access, such as the central
nervous system (CNS), to maximize the effectiveness of genetic therapy after overcoming the
multiple challenging protective barriers.

The objective of this work was the development of a new generation of nanocarriers, named
ionizable nanoemulsions (iNE), capable of efficiently delivering RNA and diffusing within the
targeted tissue. The developed iNE exhibited a size smaller than 100 nm, a neutral surface
charge, high RNA loading capacity, and stability in relevant simulated media. Furthermore, in
vitro studies conducted in numerous cellular models (including neuron, astrocyte, and microglia
models) resulted in a high viability profile as well as a remarkable transfection efficiency.
Subsequently, intra-dentate administration was performed in an Alzheimer’s disease animal
model, and the results showed that iNEs containing miR-132 could diffuse from the site of
injection to surrounding areas. The same formulation was finally tested for its ability to transfect
brain tissue using mMRNA GFP as a model, confirming the extraordinary diffusivity profile of
these nanocarriers and their selective transfection of neurons and microglia in vivo.
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1. INTRODUCTION

Currently, the potential of RNA therapeutics for the treatment of multiple medical conditions
relies heavily on the use of nanotechnology. Among the different nanocarriers developed, lipid
nanoparticles (LNPs) are the only ones commercialized for the delivery of messenger RNA
(mRNA) and small interfering RNA (siRNA) [1]. The first LNP-based genetic medicine
approved was Onpattro® (Alnylam) in 2018, which consisted of a SiRNA-based technology for
treating hereditary transthyretin-mediated amyloidosis [2]. In late 2020, mRNA vaccines
Comirnaty® (BioNTech/Pfizer) and Spikevax® (Moderna) were approved against the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of the coronavirus disease
2019 (COVID-19) [3].

In these formulations mMRNA molecules were encapsulated into LNPs, containing a cationic
or ionizable lipid, cholesterol, a helper lipid, and a PEGylated lipid [4] (Figure 1). lonizable
lipids are responsible for the complexation of RNA. They are neutral at physiological pH and
become positively charged at the acidic pH of the endosomal compartment. This property
facilitates their fusion with the endosomal membrane, ultimately leading to the release of the
cargo in the cytoplasm of the targeted cell [5-7]. In the case of Onpattro®, the unsaturated
ionizable lipid DLin-MC3-DMA was used. [8,9]. Further optimization of these unsaturated
ionizable lipids has resulted in the synthesis of multi-tail ionizable lipids, such as C12-200, with
a cone-shaped structure, which enhances their ability to disrupt the endosome [10]. However,
a limitation of this type of ionizable lipids is their low degradability, mainly due to their stable
backbones [11].

Although ionizable lipids are critical for the effective entrapment of oligonucleotides, the
rest of the components of the LNPs are equally fundamental for the proper delivery of the cargo.
Cholesterol promotes the stability of the resulting nanosystems and assists in the fusion of the
LNPs with the endosomal membrane [12]. Helper lipids are involved in the nanocarrier fluidity
and facilitate the lipid phase transition, which is necessary for the fusion of the endosomal
membrane [13]. Finally, PEGylated lipids play a significant role in the LNP stability and
circulation time [14,15].

However, when designing a nanocarrier successful in vivo transfection is not the only
requirement. Following in vivo administration, the nanocarrier must reach the desired tissue;
once there, the nanocarrier must diffuse across the tissue and effectively reach the targeted cell.
Different studies have evaluated the diffusion of LNPs upon direct administration in the brain.
Administration of LNPs carrying PTEN (phosphatase and tensin homolog 1)-siRNA showed
lowered levels of PTEN in neurons less than 1 mm [16]. This result was corroborated after the
administration of Cy5-labeled mRNA LNPs into the striatum, as the signal was detected 1-1.5
mm away from the injection site [17]. However, other studies performed to determine the
delivery of oligonucleotides on the brain are based on total brain quantification, which only
provides information about the overall effect, not where this is being depicted [18,19]. This lack
of mobility could be explained due to the dense inner core and relative rigidity of LNPs [20].
Interestingly, similar results have been obtained with inorganic nanoparticles [21,22]. In other
contexts, diffusivity studies in mucus and brain demonstrated that PEGylation of nanoparticles
could enhance their diffusivity profile in a size-dependent manner [23,24]. These results suggest
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that both particle size and the internal composition of the nanoparticles play a crucial role in
diffusion within the brain.

Considering that the results reported so far refer to relatively dense, rigid inner cores, our
hypothesis relied on the use of softer, fluid, and more deformable cores, as those present in
nanoemulsions (NEs), illustrated in Figure 1. NEs consist of an oil-in-water suspension
containing oils and surfactants, with a typical droplet size in the nanometric range [25,26].
Unfortunately, these nanocarriers have been mainly used for the controlled delivery of different
lipophilic moieties, which can be dissolved within the hydrophobic core of the NE [27].
Therefore, a specific formulation strategy had to be adopted to accommodate the RNA
molecules with these nanostructures. Recently, the incorporation of cationic lipids and
surfactants into NE compositions has allowed the entrapment of RNA molecules, particularly
in the context of vaccination [28-30]. In other cases, cationic NEs have been used for brain
delivery. For example, flaxseed oil NEs containing 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) for the entrapment of siRNA anti-tumor necrosis factor-o. (TNF-a) were
found to effectively work following intranasal administration [31]. Similarly, a NE containing
DOTAP was used for the intranasal delivery of siRNA CD73 for glioblastoma treatment,
leading to a significant reduction of tumor growth in an animal model [32].

Classical lipid Classical lipid lonizable
nanoparticle nanoemulsion nanoemulsion
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Figure 1. Hypothetical schematic representation of LNPs (left), NEs (middle), and iNE (right)

Abbreviations: iNE: ionizable nanoemulsion. NE: nanoemulsion. LNP: lipid nanoparticle. Created with
https://biorender.com.

Here, we leverage the knowledge of NEs to develop the next-generation ionizable NEs
(iNE), combining the versatility of NEs with the efficient delivery capacity of LNPs, as depicted
in Figure 1. We investigated the use of different lengths of PEGylated lipids to ensure the
highest transfection efficiency while maintaining low toxicity levels in vitro. Furthermore, an
assessment of cytotoxicity profiles and transfection efficiency was performed in cellular models
of neurons, microglia, and astrocytes. To validate our hypothesis regarding the enhanced
diffusivity of INEs, animal studies were conducted, involving inta-dentate gyrus administration
of iNE containing miR-132 in an Alzheimer’s disease model. Diffusivity was also assessed in
healthy rats following intra-parenchymal administration of iNE encapsulating mRNA encoding
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for the green fluorescent protein (mGFP), intended to elucidate the specific CNS cells where
the reported GFP was selectively expressed, as well as the diffusion profile of the iNEs.

2. MATERIALS AND METHODS

2.1. MATERIALS

C12-200, HCI salt (1,1"-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl)(2-hydroxydodecyl)
amino)ethyl)piperazin-1-yl)ethyl)azanediyl)bis(dodecan-2-ol) and DMG-PEG20 ((R)-
methoxy-polyethyleneglycol-2000-carbamoyl-di-O-myristyl-sn-glyceride) were kindly gifted
by Muthiah Manoharan, from Anylam Pharmaceuticals (MA, USA). DOPE (1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine) was purchased from Avanti Polar Lipids (AL, USA). Vitamin
E (VitE) (D, L-a-tocopherol) was obtained from BASF (Mannheim, Germany). Tween 80 was
acquired from Merck Millipore (MA, USA).

Different types of oligonucleotides were explored. Messenger RNA (mMRNA) encoding
green fluorescence protein (MGFP, CleanCap EGFP mRNA) was purchased from TrikLink
Biotechnologies (CA, USA). Silencing RNA (siRNA) anti-GFP (siGFP) was acquired from
BioSpring GmbH (Frankfurt, Germany). MiRADIAN microRNA Human hsa-miR-132—3p
mimic (miR-132 mimic, or miR-132) and negative control (scrambled miRNA, or miR-control)
were procured by GE Healthcare Dharmacon Inc. (CO, USA).

2.2. PRODUCTION OF IONIZABLE NANOEMULSIONS

lonizable nanoemulsions (INE) were prepared in a single step using a micromixer
NanoAssemblr™ bench-top instrument, Precision NanoSystem Inc. (Vancouver, Canada),
following a solvent displacement technique [33]. Formation of the iINE and complexation of
the oligonucleotide cargo occurred simultaneously. In summary, 0.2 mL of the organic phase
(12.8 mg/mL of C12-200, 3.7 mg/mL of DOPE, 6 mg/mL of Vitamin E, and 2 mg/mL DMG-
PEG2000 in EtOH, leading to molar ratios 35: 16: 46.5: 2.5) were mixed with 1 mL of the
aqueous phase (containing 0.24 mg/mL of RNA diluted in citrate buffer, pH 4, 10 mM).

The nitrogen-to-phosphate ratio (between the amine group of C12-200 and the phosphate
group of the RNA) was maintained at 15:1. The Flow Ratio, implying the volume-to-volume
ratio between the different phases, was 1:5 (organic to aqueous phase). The Total Flow Rate
was maintained at 12 mL/min. The resulting iNE-RNA formulations presented a theoretical
RNA concentration of 0.2 mg/mL. Samples were set aside for stabilization for 10 minutes
before physicochemical characterization.

INEs containing Tween 80 were prepared by bulk mixing, in a single step. Briefly, 0.2 mL
of the organic phase (12.8 mg/mL of C12-200, 3.7 mg/mL of DOPE, 6 mg/mL of Vitamin E,
and 1 mg/mL of Tween 80 in EtOH, leading to molar ratios 35: 16: 46.5: 2.5) were added over
1 mL of the aqueous phase (containing 0.24 mg/mL of RNA diluted in citrate buffer 10 mM,
pH 4). The aqueous phase was under stirring at 1400 rpm, and the resulting solution was kept
under agitation for 5 seconds, and set aside for stabilization for 10 minutes before
physicochemical characterization.
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2.3. CHARACTERIZATION OF IONIZABLE NANOEMULSIONS

2.3.1. Characterization of the size, polydispersity index and {-potential of nanoemulsions
and nanocapsules

Hydrodynamic diameter and polydispersity index (PDI) were characterized by dynamic
light scattering (Zetasizer® Nano ZS, Malvern Instruments, Malvern, UK). {-potential was
measured in terms of mean electrophoretic mobility values, measured by laser Doppler
electrophoresis with the same equipment.

Particle size and PDI measurements were performed after diluting the samples 10 x in PBS,
pH 7. {-potential characterization was obtained after dilution of samples 20 x in RNase-free
water.

2.3.2. Characterization of encapsulation efficiency and RNA concentration

Encapsulation efficiency (EE%) and RNA concentration were assessed following different
methodologies. In all cases, INE-RNA formulations were diluted in a 1:1 (v/v) ratio with Triton
X or heparin solutions, prepared at 50 mg/mL in RNase-free water. Incubation with Triton X
(Triton-X-100, Sigma-Aldrich, MO, USA) induced the disruption of the nanocarrier, while
heparin (Sigma-Aldrich, MO, USA) led to the displacement of the RNA from the nanoparticle.

2.3.2.1. Agarose gel electrophoresis

To qualitatively assess the amount of RNA encapsulated onto iNE-RNA formulations,
samples containing 1-3 pg of RNA were loaded in an agarose gel at 1% wi/v in Tris Acetate-
EDTA buffer (Sigma-Aldrich, MO, USA) before and after incubation with Triton X and
heparin. Samples were diluted with equal volumes of loading mix, containing 1x SYBR® Gold
nucleic acid strain (Invitrogen, CA, USA). Free RNA was included as a control. Gels were run
for 30 minutes at 90 V in a Sub-Cell GT cell 96/192 (Bio-Rad Laboratories, CA, USA), and
evaluated with a UV transilluminator imagining system (Molecular Imager® Gel Doc™ XR,
Bio-Rad Laboratories, CA, USA).

2.3.2.2. RiboGreen assay

Quant-iT RiboGreen RNA assay kit (Invitrogen, MA, USA) was used to quantitatively
determine the EE% and the RNA concentration of iNE-RNA formulations. Briefly, samples
were diluted 50-fold in TE buffer (1x), followed by a 2-fold dilution with Triton X and
incubation at 37 °C for 30 minutes. Subsequently, samples were diluted 10-fold with TE buffer
(1x). The standard curve was prepared using RNA at concentrations between 0.1 to 1 pg/mL,
in the presence of Triton X. Following manufacturer instruction, RiboGreen reagent was diluted
200-fold in TE buffer (1x), and added to an equal volume of sample, leading to a final volume
of 200 pL. Samples and the standard curve were transferred to a 96-black polystyrene
microplate (Croning®, NY, USA). Fluorescence intensity was assessed using a microplate
reader (Synergy H1, BioTek Instruments, VT, USA), using excitation at 485 nm and emission
at 530 nm. The standard curve (r? > 0.99) was used for determining the RNA concentration of
the sample. The encapsulation efficiency of RNA was calculated according to the following
Equation 1.
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[RNA] disrupted
[RNA] theoretical

Where [RNA]gisruptea 1S the RNA concentration determined after treating the

nanosystems with the disrupting agent. [RNA]iheoreticar 1S the theoretical total RNA
concentration of the nanosystem.

Encapsulation ef ficiency (EE%) =

Equation 1. Calculation of encapsulation efficiency (EE%)

2.4. CONCENTRATION OF IONIZABLE NANOEMULSIONS

Aiming to significantly increase the RNA concentrations, without altering the resulting
physicochemical properties, INE-RNA formulations were concentrated using Amicon® Ultra
0.5 mL Centrifugal Filters Ultracel® -100K (Merck Millipore, MA, USA). In summary, all
samples were concentrated at 14000 g during a variable amount of time, dependent on desired
RNA concentration (usually, between 5 to 20 minutes). This process allowed the 7- to 12-fold
concentration of the INE-RNA formulations, leading to a final RNA concentration of 1.5 t0 2.2
mg/mL. Samples were characterized as described in section 2.2. before and after the
concentration process.

2.5. COLLOIDAL STABILITY OF IONIZABLE NANOEMULSIONS

The colloidal stability of INE-RNA was evaluated upon incubation of 10% of formulations with
90% of PBS supplemented with 10% FBS, at 37 °C. At different time points, physicochemical
characterization of the INE-RNA samples was assessed by DLS, as indicated in section 2.3.1.

In all cases, samples were subjected to gentle horizontal shaking during the incubation
process (300 rpm, Heidolph Titramax/Inkubator 1000, Heidolph Instrument, Schwabach,
Germany).

2.6. IN VITRO ASSESSMENT OF TRANSFECTION EFFICIENCY AND CYTOTOXICITY WITH
IONIZABLE NANOEMULSIONS

2.6.1. In vitro siGFP and mGFP transfection efficiency and cytotoxicity in HelLa cells

Assessment of cytotoxicity and transfection efficiency was performed in HelLa cells
expressing GFP (in the case of INE-siRNA) and HeLa cells (in the case of INE-mRNA). In both
cases, a total of 10,000 cells were seeded per well in a flat bottom 96-well plate and allowed to
adhere for 24 hours. Cells were treated with iNE-RNA formulations for 4 hours, in Opti-
MEM™ (Gibco™, Thermo Fisher, MA, USA) at different oligonucleotide concentrations. In
the case of siRNA, concentration ranged from 250 to 10 nM per well; whereas for mRNA,
concentrations ranged from 200 and 25 ng per well. Nanocarriers were then removed, and
replaced with a complete medium and the cells were incubated for another 20 hours. Cell
viability was measured by resazurin assay, following manufacturer recommendations [34].
Briefly, cells were incubated with resazurin reagent (Resazurin sodium salt, Sigma-Aldrich,
MO, USA) supplemented complete media for 45 minutes, and the resulting fluorescence was
measured in a plate reader at 544/590 nm. Cells were then trypsinized, harvested, and fixed
with 1% (w/v) formaldehyde in PBS, for flow cytometry analysis in terms of the percentage of
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GFP-negative (in the case of siRNA) and -positive cells (in the case of mMRNA), and mean
fluorescence intensity.

2.6.2. In vitro mGFP transfection efficiency and cytotoxicity in neuron, astrocyte, and
microglia model

In vitro cytotoxicity and transfection efficiency were also evaluated in human neurons (SH-
SY5Y cells), rat astrocytes (C6 cell), and human microglia (CHME-3 cells) models. For that, a
total of 10,000 cells were seeded per well in a flat bottom 96-well plate, and allowed to adhere
for 24 hours. Cells were treated with iNE-mGFP for 4 hours, in Opti-MEM™ (Gibco™,
Thermo Fisher, MA, USA) at a concentration of 500 ng per well. Nanocarriers were then
removed, and replaced with a complete medium and the cells were incubated for another 20
hours.

Cell viability was measured by MTT assay (Sigma-Aldrich, MO, USA). Briefly, cells were
incubated with MTT reagent (1 mg/mL) for 4h at 37 °C. After removing the MTT reagent, the
resulting formazan crystals were dissolved in acidic isopropanol and quantified in a plate reader
at 544/590 nm. For transfection efficiency, cells were then trypsinized, harvested, and fixed
with 1% (w/v) formaldehyde in PBS. The percentage of GFP-positive cells and mean
fluorescence intensity were analyzed by flow cytometry.

2.7. ANIMAL STUDIES
All animal studies procedures were performed in compliance with relevant laws and
institutional guidelines and the appropriate institutional committee(s) have approved them.

2.8. IN VIVO ASSESSMENT OF DIFFUSION OF IONIZABLE NANOEMULSIONS IN THE BRAIN
2.8.1. Intra-dentate gyrus administration of miR-132-loaded ionizable nanoemulsions

Alzheimer’s disease mouse model APPnLc.F was used, consisting of an B-amyloid
precursor protein (APP) knock-in model that expresses three human APP mutations: APP
KMG670/671NL (Swedish), APP I716F (Iberian), APP E693G (Artic). Mice start developing
amyloid plaques at age 2-3 months, leading to memory deficit at 6 months of age.

Animals were directly injected in the hippocampal subregion of the dentate gyrus (DG)
(A/P: -2.1 mm; M/L: 1.9 mm; D/V: 2.2 mm) with 2 pL of iNE-miR-132 or iNE-miR-control,
at doses of 300 pmol and 75 pmol of miR per mouse. Administration speed was 200 nL/min.
After 48 hours post-injection, animals were sacrificed and the DG and cornu ammonius (CA,
adjacent regions of the hippocampus) were microdissected and frozen for further processing.
RNA extraction was performed using miRVana Paris Kit (Life Technologies, Belgium),
following the instructions of the manufacturer. Next, reverse transcription was performed using
MIRCURY LNA RT Kit (Exigon, QIAGEN, Denmark); and real-time semi-quantitative PCR
was performed using Sybr Green mastermix and LNA primers (Exigon, QIAGEN, Denmark).
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2.8.2. Intra-parenchymal administration of mGFP-loaded ionizable nanoemulsions

Intra-parenchymal administration was evaluated in Sprague-Dawley rats (3 animals in the
INE group, and 1 animal in the control group). Animals were injected with 15 ng of mGFP
encapsulated onto iNE nanocarrier, in a total volume of 3 yL. The solution was injected using
a 5-pL Hamilton syringe, coupled to a motorized injection (Stoelting), at a rate of 0.5 pL/min.
Stereotaxic coordinates were A/P: 0.8 mm, M/L: 3.0 mm and D/V: 5.0 mm. The cannula used
for the administration was left in situ 2 minutes after injection. After 24 hours, the animals were
stunned with carbon dioxide and sacrificed by decapitation. Brains were removed,
cryoprotected, and cut into coronal tissue sections using a sliding microtome. Sections were
processed with immunofluorescence labeled.

Free-floating tissue sections were pre-incubated in KPBS-1% BSA with 5% regular donkey
serum (Sigma-Aldrich, MO, USA) and 0.03% Triton X for 60 minutes at room temperature.
Initially, single immunofluorescence was performed to identify cells capable of expressing GFP
after mGFP transfection. The different brain cell types were labeled with primary antibodies
against class III B-tubulin (B III-tubulin, Sigma-Aldrich, MO, USA) as a neuronal maker, or
glial fibrillary acidic protein (GFAP, Merk Millipore, MA, USA) as an astrocytic marker, or
ionized calcium-binding adaptor molecule 1 (Iba-1, Wako Chemicals, Neuss, Germany) as a
microglial maker. Cell nuclei were marked with the DNA-binding dye Hoechst 33 342 (Sigma-
Aldrich, MO, USA). The immunoreaction was visualized with the fluorescence secondary
antibody Alexa Fluor 568-conjugated donkey anti-rabbit IgG (Molecular Probes, OR, USA) or
Alexa Fluor 488-conjugated donkey anti-mouse IgG (Molecular Probes, OR, USA). Sections
were mounted on gelatin-coated slides and cover-slipped with Immumount (Thermo-Shandon).
Co-localization of these markers was assessed by confocal laser microscopy (AOBS-SP5X;
Leica Microsystems Heidelberg GmbH, Mannheim, Germany).

Then, considering the auto-green fluorescence depicted by neurons, the decision was made
to perform a double immunofluorescence against GFP (anti-GFP, Molecular Probes, OR, USA)
and P I1I-tubulin, followed by the incubation with fluorescence secondary antibodies already
mentioned. Then, the preparation of the section was performed as previously described.

3. RESULTS AND DISCUSSION

To achieve the full potential of gene therapies, the nanocarriers used to protect and deliver the
RNA cargo must also facilitate diffusion across the targeted tissue, a characteristic that is
currently absent in LNPs. With the aim of developing nanosystems with enhanced diffusivity
properties, we investigated the combination of classical lipids of LNPs with oily cores of NEs
were explored in the context of the CNS. The primary objective of these studies was to design
a nanocarrier with the capacity to diffuse extensively in the brain, thereby ensuring the delivery
and transfection of different types of RNA.
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3.1. DEVELOPMENT OF IONIZABLE NANOEMULSIONS

To design a NE with a high diffusivity profile throughout the brain, we opted for a Vitamin E
core in combination with an ionizable lipid, C12-200 [35]. C12-200 is a multi-tailed ionizable
lipidoid known for its ability to adopt a cone-shaped structure, enhancing its capacity to disrupt
endosomes [10]. Like other ionizable lipids, C12-200 becomes protonated upon cellular uptake
in acidic endosomes, where it interacts with the endosomal phospholipids. This interaction
triggers a phase change from a bilayer structure to an inverted hexagonal Hy phase, disrupting
the endosomal membrane and facilitating the release of the oligonucleotide cargo into the
cytosol [36]. Ideally, the combination of an oily core with a lipid capable of enhancing
endosomal escape holds promise for achieving adequate brain diffusion and effective
modulation of CNS genes.

To demonstrate the versatility of the developed nanosystem, different types of
oligonucleotides were encapsulated onto the INE. The physicochemical properties of the
resulting iNEs are summarized in Table 1. Notable differences were not observed in terms of
particle diameter, polydispersity index, and surface charge. These findings prove the robustness
of the iNE for the delivery of different types of oligonucleotides.

Table 1. Physicochemical properties of iNE developed, containing C12-200, DOPE, Vitamin E, and DMG-
PEG, in combination with siGFP, mGFP, and miR-132

Typer of RNA Size (nm) PDI (-Potential (mV) Encapsulation efficiency (%)
siGFP 64+7 0.23 £ 0.03 -2 +1 80-90
miR-132 60+7 0.2 £+ 0.05 -1+1 80-90
mGFP 72 +9 0.17 £ 0.07 -41+2 80-90

Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay.
Abbreviations: GFP: green fluorescence protein. mGFP: mRNA encoding GFP. miR-132: miRNA-132 mimic. PDI:
polydispersity index. siGFP: siRNA anti-GFP. Values represent the mean + standard deviation (n = 3).

Furthermore, encapsulation efficiency was determined by agarose gel electrophoresis
(Figure 2). Different buffers were employed to assess the behavior of the iINE-RNA after
exposure to varying pH levels upon cellular uptake. C12-200 is positively charged at acidic pH,
enabling the condensation of RNA, and becomes neutrally charged at physiological pH,
ensuring RNA entrapment while minimizing toxicity. In principle, RNA molecules should be
entrapped in the iNE at endosomal pH (ranging between 6 and 4.5, considering both early and
late endosomes), and should be protected at physiological pH (around pH 7-7.4, whether in the
bloodstream or the brain) [37-39]. Irrespective of the type of RNA used, nearly complete
complexation was achieved at pH 4 (citrate buffer or CB condition). However, different
behavior was observed at pH 7.4 (PBS condition). In the case of sSiGFP and mGFP, most of the
RNA molecules remained complex within the iNE, and complete release was only achieved
through Triton X disruption. Conversely, INE encapsulating miR-132 showed a minor release
in PBS; this behavior was further confirmed through Ribogreen assay in PBS, leading to an
encapsulation efficiency of 80.6 + 6%.
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Figure 2. Encapsulation efficiency of siGFP (left), miR-132 (center), and mGFP (right) loaded iNE. Samples
were treated with CB (pH 4), PBS (pH 7.4), and Triton X (for iNE disruption)

Abbreviations: CB: citrate buffer. GFP: green fluorescence protein. iNE: ionizable nanoemulsion. mGFP: mRNA
encoding GFP. miR-132: miRNA-132 mimic. PBS: phosphate-buffered saline. siGFP: siRNA anti-GFP.

A variation of the iINE nanocarrier containing Tween 80 instead of DMG-PEG2000 Was
prepared by bulk mixing (Supplementary Table 1). Regardless of the type of oligonucleotide,
particle size significantly increased, emphasizing the importance of the mixing process and the
PEGylation length in determining the resulting physicochemical properties.

3.1.1. Concentration of ionizable nanoemulsions

Concentration of INE-miR-132 was performed to increase the oligonucleotide
concentration without altering its physicochemical properties (Table 2). The centrifugation
process for concentrating the nanocarrier did not affect the particle diameter, polydispersity,
surface charge, or encapsulation efficiency. Overall, miR-132 concentration increased 9.3-fold.
The concentration of INE-miR-control was also performed (Supplementary Table 2),
maintaining the physicochemical properties.

Table 2. Physicochemical properties of iNE-miR-132 before and after the concentration process

Concentration Size (nm) PDI {-Potential Encapsulation miR-132 concentration
(mV) efficiency (%) (mg/mL)

Before 64+ 4 0.23 £ 0.04 -0.4 £ 0.5 80.6 + 5.8 0.2 £0.02

After 67 + 4 0.18 + 0.02 -0.5+0.8 74.7 £ 8 1.84 + .48

Encapsulation efficiency was measured by RiboGreen assay. Abbreviations: PDI: polydispersity index. Values
represent the mean + standard deviation (n > 3).

3.1.2. Stability of ionizable nanoemulsions in relevant simulated media

The stability of miR-132-loaded INE was assessed in a biological-mimicking media to
detect any changes in the physicochemical properties (Figure 3). iINE-miR-132 maintained its
particle diameter for up to 24 hours in PBS supplemented with 10% FBS. A slight size increase
(30 nm) was observed immediately after dilution in the supplemented PBS, which might be due
to the formation of the protein corona around the iINE-miR-132. On the other hand, derived
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count rate (DCR), a relative parameter used to compare variations in the concentration of
nanocarriers, also remained stable, supporting the hypothesis that INE-miR-132 is stable in
relevant simulated media for at least 24 hours.
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Figure 3. Stability of iNE-miR-132 in relevant simulated biological media (PBS supplemented with 10% FBS)

Abbreviations: DCR: derived count rate. FBS: fetal bovine serum. PBS: phosphate-buffered saline. Values
represent the mean + standard deviation (n = 3).

In conclusion, the developed iNE exhibits the desired physicochemical properties, colloidal
stability, and the ability to concentrate, making it a suitable candidate for RNA delivery in the
brain.

3.2. INVITRO CYTOTOXICITY AND TRANSFECTION EFFICIENCY IN DIFFERENT CELL LINES
3.2.1. Cytotoxicity and transfection efficiency in HelLa cells

In vitro experiments were conducted using HeLa cells to evaluate cytotoxicity and
transfection efficiency, using both siGFP (Figure 4) and mGFP as model RNA molecules
(Supplementary Figure 1). In the case of siGFP, the comparison was made between iNE
formulations containing Tween 80 (prepared by bulk mixing) and DMG-PEG2o00 (prepared by
microfluidic mixing). Regarding cellular cytotoxicity (Figure 4, top), INE-DMG-PEG2000
appeared less toxic than iNE-Tween 80 at the highest concentrations (250 and 100 nM),
exhibiting similar behavior at lower concentrations (50 and 10 nM). However, both iNEs
exhibited similar transfection efficiency in terms of the percentage of transfected cells and
fluorescence intensity at all concentrations tested (Figure 4, bottom).

Considering these results, together with its smaller particle size, INE containing DMG-
PEGao00, prepared by microfluidic mixing, was selected as the most promising candidate for
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delivery and transfection of oligonucleotides, due to its extended cellular viability at high
concentrations and adequate transfection efficiency at all concentrations tested.
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Figure 4. Cytotoxicity (top) and GFP silencing effect (bottom) of iNE-Tween 80 (blue) and iNE-DMG-PEG2000

(red) containing siGFP, in HeLa cells expressing GFP. The silencing effect was determined in terms of the

percentage of GFP negative cells (bottom, left axis, bars) and mean fluorescence intensity (bottom, right
axis, symbols)

Abbreviations: DMG-PEGz00: (R)-methoxy-polyethyleneglycol-2000-carbamoyl-di-O-myristyl-sn-glyceride. GFP:
green fluorescence protein. iNE: ionizable nanoemulsion. MFI: mean fluorescence intensity. PC: positive control,
lipofectamine. siGFP: siRNA anti-GFP. UT: untreated. Values represent the mean + standard deviation (n > 3).

Further transfection efficiency was assessed in HeLa cells using mGFP entrapped into iNE-
Tween 80 (Supplementary Figure 1). A decrease in cell viability was only observed at the
highest concentrations (200 and 100 ng) (Supplementary Figure 1, left). Moreover, all
concentration levels showed a high percentage of GFP-positive, comparable to those obtained
with lipofectamine (Supplementary Figure 1, right). Notably, no significant differences in mean
fluorescence intensity (MFI) were observed at any of the tested concentrations.
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3.2.2. Cytotoxicity and transfection efficiency in neuron, astrocyte, and microglia
cellular models

To assess the potency of INE nanosystems to deliver oligonucleotides in the brain, in vitro
studies were conducted in a human neuron (SH-SY5Y), rat astrocyte (C6), and human microglia
(CHME-3) cell model (Figure 5), using mGFP as a model oligonucleotide.
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Figure 5. Cytotoxicity (top) and GFP transfection efficiency (bottom) of iNE-mGFP (bright color) in a
neuron (red), astrocyte (green), and microglia (blue) cellular models. Transfection efficiency was
determined in terms of the percentage of GFP-positive cells (bottom, left) and mean fluorescence

intensity (bottom, right). Comparison was made with untreated cells (pale color).
Abbreviations: GFP: green fluorescence protein. iNE: ionizable nanoemulsion. MFI: mean fluorescence intensity.
mGFP: mRNA encoding GFP. UT: untreated. A significant comparison was performed using an ordinary one-way
ANOVA followed by Tukey’s multiple comparison tests between groups. p-values < 0.05 were considered
statistically significant (*). Also, (****) if p-value < 0.0001. ns: not significative. Values represent the mean +

standard deviation (n = 3).

No toxicity was observed in any of the tested cell models (Figure 5, top) when compared
to untreated cells. In terms of transfection efficiency, significant levels of GFP-transfected cells
were detected in all three cellular models compared to the untreated groups, with all cases
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showing over 70% of GFP-positive cells (Figure 5, left). Moreover, slightly greater levels of
transfection were found in C6 cells, as compared to CHME-3 cells. However, in terms of
fluorescence intensity (Figure 5, right), INE-mGFP did not result in significantly increased
levels of fluorescence in C6 cells, whereas this behavior was observed for both SH-SY5Y and
CHME-3 cells, as compared with the untreated groups. A possible explanation for this
difference in performance would be that while INE-mGFP is capable of being uptake by all
three cellular models and translating mGFP into the reported protein, the efficacy of this process
is significantly more efficient for SH-SY5Y and CHME-3 cells than C6 cells.

No comparison was made with positive control (Lipofectamine) since unexpectedly high
toxicity was observed when cells were transfected at the same concentration used for iNE-
mGFP carriers. This led to misleading negative transfection results for the positive control.
Considering the relatively high concentration of mGFP used in these studies, further
experiments are needed with the positive control, reducing the mGFP concentration to reach a
non-toxic level that allows a valid comparison with iINE-mGFP.

3.3. IN VIVO ASSESSMENT OF DIFFUSION OF IONIZABLE NANOEMULSIONS IN THE BRAIN
3.3.1. Intra-dentate gyrus administration of miR-132-loaded ionizable nanoemulsions

Direct intracranial administration of iNE-miR-132 and iNE-miR-control was performed at
the dentate gyrus (DG) region of the hippocampus. Levels of miR-132 were determined in both
the injection site and the adjacent Cornu ammonis (CA) regions to assess the diffusion of the
INE and the RNA payload in the hippocampus (Figure 6). Moreover, miR-control was used
intended to discriminate unspecific modulation of the miR-132 levels, due to the complexity of
the pathways in which miR-132 is involved.

Cornu ammonis or
Ammon's horn (CA)

Dentate gyrus (DG)

Figure 6. Schematic representation of the different regions of the hippocampus under study
Created with https://biorender.com.

97


https://biorender.com/

MIREYA LOPEZ BORRAJO

After administration, miR-132 levels were determined in these two regions at two different
INE-miRNA doses: 300 pmol (Figure 7, red) and 75 pmol (Figure 7, blue). Classical LNPs
(composition of patisiran, also known as Ompattro®, being considered the most established
nanocarrier for sSiRNA delivery) were used as a positive control (Figure 7, green) to compare
their diffusivity with the novel iNE [40,41]. In this case, the dose administered was 160 pmol
per animal, which is considered sufficient to depict the silencing effect. A comparison between
the three groups was made after being loaded with miR-132 (Figure 7, bright color) and miR-
control (Figure 7, pale color).

As observed, increased levels of miR-132 were found in both DG and CA for iINE-miR-
132 and LNPs-miR-132. In contrast, when nanocarriers were loaded with miR-control, no
significant responses were elicited, demonstrating a specific modulation of the miR-132 levels.
Notably, iINE-miR-132 reported significantly higher levels of miR-132 than LNP-miR-132,
even when a considerably lower dose of miR-132 was used, a fact that might be related to the
enhanced diffusion of INE-miR-132.
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Figure 7. Semi-quantitative real-time PCR of miR-132 levels in the DG and surrounding CA regions in the
hippocampus, 48 hours post-injection of iNE (at a dose of 300 pmol in red, and 75 pmol in blue) and LNPs
(green), loaded with miR-132 (bright color) or miR-control (pale color)

Abbreviations: iNE: ionizable nanoemulsions. LNP: lipid nanoparticle. miR-132: miRNA-132 mimic. A significant
comparison was performed using two-way ANOVA followed by Tukey’s multiple comparison tests between groups.
p-values < 0.05 were considered statistically significant (*). Also, (**) if p-value < 0.01, (***) if p-value < 0.001.
Values represent the mean + standard deviation (n = 3).

On the other hand, to evaluate the possible CNS toxicity induced by the nanocarriers, levels
of different inflammation makers were determined (Figure 8). A dose-dependent toxicity
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profile was observed. Despite no significant differences being found, iINE-miR-132 at the
highest dose (300 pmol) resulted in slightly higher toxic makers than the lower dose (75 pmol)
and the LNP-miR-132 (160 pmol). In the particular case of iNE-miR-control (300 pmol),
significantly higher toxicity levels were found in comparison to iINE-miR-132. These toxicity
levels could be explained due to interferon responses related to the miR-132 or miR-control
themselves, or the inherent toxicity of the nanocarriers. Further dose-dependent studies must be
performed to elucidate the behavior of these nanosystems at non-toxic concentrations.
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Figure 8. Semi-quantitative real-time PCR of inflammation marker gene levels in DG 48 hours post
administration of iNE (at a dose of 300 pmol in red, and 75 pmol in blue) and LNPs (green), loaded with
miR-132 (bright color) or miR-control (pale color)

Abbreviations: Il-18: interleukin-1B. Il-6: interleukin-6. iNE: ionizable nanoemulsions. LNP: lipid nanoparticle.
miR-132: miRNA-132 mimic. TNF-a: tumor necrosis factor-a. A significant comparison was performed using an
ordinary one-way ANOVA followed by Tukey’s multiple comparison tests between groups. p-values < 0.05 were
considered statistically significant (*). Also, (**) if p-value < 0.01, (***) if p-value < 0.001. Values represent the
mean + standard deviation (n = 3).

To assess the functionality of the delivered oligonucleotide cargo, levels of different miR-
132-targeted mRNAs were evaluated (Supplementary Figure 2). Five miR-132 targets (Btg2,
p250Gap, Salll, Dpysl3, and Dixdcl) were assessed (Supplementary Figure 2, top), and the
average change of their combined expression levels was evaluated as a miR-132 functional
signature (Supplementary Figure 2, bottom). Only LNP-miR-132 resulted in a significant
decrease in the mRNA target levels. One possible explanation for the lack of effect on target
MRNA levels of INE-miR-132 could be the high miR-132 overexpression, which might saturate
the endogenous miRNA machinery, leading to a lower reduction of the mRNA target levels or
even induce other toxicity effects [42,43].

Overall, INE-miR-132 showed preliminary evidence of enhanced diffusion, as compared
with LNP-miR-132 at lower doses. However, no changes were observed in the targeted mRNA
levels studied. Further optimization or assessment of this behavior must be performed, aimed
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at elucidating the cause and finding an efficient solution that allows not only the diffusion of
the RNA cargo but also its adequate transfection.

Bill-tub 4l Hoechst
) S ;
m :
o
e
‘E »
= , ,
O X
) STNE
= 29 i
= .
S
=i
2 BllI-tub 'l Hoechst
o ]
L 5 '
O o
g X
LLl {
Z
Hoechst
%)
m
a
°
=
o)
] O
Q
-
S
Q
o
S
b Hoechst
< X
B .
TH : :
o N A
L s
pd X
Hoechst
%)
m
o
°
c
O
s|©
©
o
S A
s Hoechst
D_ 4
ELE
O
£
w
Z

Figure 9. Immunolabelling for GFP in neurons (labeled with Blll-tubulin), astrocytes (labeled with GFAP),
and microglia (labeled with Iba-1) cells in rats after intraparenchymal administration of control (PBS) or
iNE-mGFP. Hoechst was used as nuclei marker

Abbreviations: BllI-tubulin: class 1l B-tubulin. GFAP: glial fibrillary acidic protein. GFP: green fluorescence
protein. Iba-1: ionized calcium-binding adaptor molecule 1. iNE: ionizable nanoemulsion. mGFP: mRNA GFP.
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3.3.2. Intra-parenchymal administration of mGFP-loaded ionizable nanoemulsions

Direct intra-parenchymal administration of iNEs loaded with mGFP was performed to
further determine simultaneously their diffusivity and functional performance.

After 24h, animals were sacrificed and immunolabelling was performed to determine the
transfection of neurons, astrocytes, and microglia (Figure 9). Neuron analysis needed a double
immunolabelling process due to the inherent fluorescence found in neurons (Supplementary
Figure 3). The images showed clear GFP signals in neurons and microglia, thus indicating the
uptake of the ionizable nanocarriers by these cellular types and the subsequent translation of
the reporter protein. Interestingly, this behavior was not observed in astrocytes, in consonance
with the fluorescence intensity results obtained in vitro (Figure 5, bottom right). This result
suggests the specificity of iINE for microglia and, to a greater extent, neurons. Such behavior
highlights the potential of this nanocarrier for neuron-specific diseases, such as amyotrophic
lateral sclerosis (ALS), or conditions related to microglia malfunction, such as Alzheimer’s or
Parkinson’s disease [44,45]. Nevertheless, this conclusion should be taken cautiously as
biodistribution may be highly influenced by the disease conditions.

GFP

® GFAP

Hoechst

Figure 10. Double immunolabeling in the whole brain for GFP (red) and astrocytes (labeled with GFAP,
green), after intraparenchymal administration of iNE-mGFP. Hoechst was used as nuclei marker (blue)

Abbreviations: GFAP: glial fibrillary acidic protein. GFP: green fluorescence protein. iNE: ionizable
nanoemulsion. mGFP: mRNA encoding GFP.
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Once the transfection efficiency of the INE was confirmed, the diffusivity of the
nanocarriers was assessed in the entire brain of the animals (Figure 10). Considerable diffusion
was observed from the injection site, indicated by a GFP signal (in red), to more distant areas
in the same hemisphere. Moreover, close-up images confirmed the colocalization of the
fluorescence protein in the neurons (Supplementary Figure 4). The specificity of the signal was
corroborated by the lack of fluorescence observed upon administration of PBS (Supplementary
Figure 5). We hypothesize that the distribution profile observed could be attributed to diverse
factors present in our iNEs. Firstly, diffusivity could be driven by the oily core of the iNEs of
the nanocarrier. Previous work developed in our group with polyaminoacid nanocapsules
(containing an oily core) resulted in tissular diffusivity upon subcutaneous administration,
which was attributed to a combination of the particle diameter (around 100 nm) and the
composition of the nanocarrier [46,47]. Moreover, the PEGylated surface of iNEs could also
facilitate the diffusivity capacity, as it has been proven the positive influence of PEGylated
components in NPs to enhance the diffusivity in both mucus and the brain [23,24].

These findings prove the potential of iINE to diffuse to various brain areas and efficiently
transfect MRNA into neurons and microglia, with further confirmation of the transduction of
the desired model protein. These results suggest that iNE can facilitate the delivery of genetic
cargo to different brain regions after a single administration.

4. CONCLUSIONS

In this work, we have explored the potential to enhance the diffusivity of the current gold
standard for RNA delivery, namely LNPs, by incorporating ionizable lipids into traditional
NEs, leading to the development of a novel class of nanocarriers termed iNEs. The resulting
nanocarrier presented the desired physicochemical properties, including a size smaller than 100
nm, a neutral surface charge, and exceptional RNA entrapment capabilities, making it a
promising candidate for the delivery of RNA to the brain. Furthermore, in vitro assessment
conducted in HeLa, SH-SY5Y, C6, and CHME cells revealed high cell viability levels at the
concentrations tested, along with a favorable transfection profile.

In terms of direct in vivo brain administration, iINE loaded with miR-132 demonstrated
substantial cargo accumulation not only at the administration site but also in adjacent regions.
These findings prompted further investigation into the diffusion pattern of the formulation, as
well as the identification of the specific CNS cells targeted by our nanocarrier. Using iNEs
containing mGFP, we observed extraordinary diffusion from the injection site, with a particular
preferential transfection of neurons and microglia.

In brief, this chapter describes the development of a novel class of ionizable nanocarriers
designed for RNA delivery to the brain, with a promising diffusion pattern and specific
targeting capability for neurons and microglia. Such nanocarriers hold great promise for the
treatment of different CNS diseases, such as ALS, Alzheimer’s, or Parkinson’s diseases.
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5. SUPPLEMENTARY INFORMATION

Supplementary Table 1. Physicochemical properties of variations of iNE with different Tween 80 and
different types of oligonucleotides

Type or RNA Size (nm) PDI (-Potential (mV) Encapsulation efficiency (%)
siGFP (n = 1) 171 0.02 +21 80-90
mGFP (n = 2) 159 + 2 0.09 £ 0.01 +20+2 80-90

(-Potential was measured upon dilution in water for the formulations containing Tween 80. Encapsulation
efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay. Abbreviations: GFP:
green fluorescence protein. mGFP: mRNA encoding GFP. miR-control: scrambled miRNA. PDI: polydispersity
index. siGFP: siRNA anti-GFP. Values represent the mean + standard deviation.

Supplementary Table 2. Physicochemical properties of iNE-miR-control before and after the concentration

process
Concentration Size (nm) PDI (-Potential Encapsulation miR-control
(mV) efficiency (%) concentration (mg/mL)
Before 61+5 0.18 + 0.06 -1.1 0.1 82 +3.5 0.2 +0.03
After 68 £ 12 0.2 £ 0.05 -0.8 £ 1.1 77 £ 9.1 1.9+0.4

Encapsulation efficiency was measured by RiboGreen assay. Abbreviations: PDI: polydispersity index. Values
represent the mean + standard deviation (n > 2).
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Supplementary Figure 1. Cytotoxicity (left) and GFP transfection effect (right) of iNE-DMG-Tween 80
containing mGFP at different concentrations, in HelLa cells. Transfection efficiency was determined in
terms of the percentage of GFP-positive cells (right, left axis, bars) and mean fluorescence intensity (right,
right axis, symbols)

Abbreviations: GFP: green fluorescence protein. iNE: ionizable nanoemulsion. MFI: mean fluorescence intensity.
mGFP: mRNA encoding GFP. PC: positive control, lipofectamine. UT: untreated. Values represent the mean *
standard deviation (n > 3).
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Supplementary Figure 2. Semi-quantitative real-time PCR of different miR-132 mRNA targets (Btg2,
p250Gap, Sall1, Dpysl3, and Dixdc1) (top) and the functional signature of miR-132 represented by the
average fold change of the predicted miR-132 mRNA targets (bottom). Comparison was made between iNE
(at a dose of 300 pmol in red, and 75 pmol in blue) and LNPs (green), loaded with miR-132 (bright color) or
miR-control (pale color)

Abbreviations: iNE: jonizable nanoemulsions. LNP: lipid nanoparticle. miR-132: miRNA-132 mimic. A significant
comparison was performed using a multiple unpaired t-test with Welch correction. p-values < 0.05 were
considered statistically significant (*). Values represent the mean + standard deviation (n > 3).
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Blll-tub

Control (PBS)

231.6 ym
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Bll-tub Hoechst

iINE-mGFP

Supplementary Figure 3. Double immunolabelling for GFP in neurons (labeled with Blll-tubulin) cells in rats
after intraparenchymal administration of control or iNE-mGFP. Hoechst was used as nuclei marker

Abbreviations: BllI-tubulin: class Ill B-tubulin. GFP: green fluorescence protein. iNE: ionizable nanoemulsion.
mGFP: mRNA encoding GFP.

Blll-tub Blll-tub

Supplementary Figure 4. Double immunolabelling of the injection site in a rat administered with iNE-
mGFP, at different magnification levels (2x, 4x, and 10x). Labeling was performed for GFP (red) in
neurons (labeled with Blll-tubulin, green)

Abbreviations: BllI-tubulin: class Il B-tubulin. GFP: green fluorescence protein. iNE: ionizable nanoemulsion.
mGFP: mRNA encoding GFP.
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Supplementary Figure 5. Double immunolabeling in the whole brain for GFP (red) and astrocytes (marked
with GFAP, green), after intraparenchymal administration of control (PBS). Hoechst was used as nuclei
marker (blue)

Abbreviations: GFAP: glial fibrillary acidic protein. GFP: green fluorescence protein. mGFP: mRNA encoding GFP.
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ABSTRACT

Among the many difficulties in developing an efficient genetic therapy for the central nervous
system (CNS), one of the most challenging hurdles is the presence of multiple protective layers
in the brain, notably the blood-brain barrier (BBB). Various administration pathways have been
explored to directly access the CNS, such as the nose-to-brain (N-to-B) route. However, gaining
access to the brain does not always correlate with the successful delivery of the cargo to the
desired CNS areas, mainly due to the lack of diffusivity of the used nanocarriers.

The objective of this work was to develop a library of nanoemulsions (NEs) and polymeric
nanocapsules (NCs), capable of entrapping small interference RNA (SiRNA), to be delivered to
different brain areas through N-to-B or direct intracerebroventricular (ICV) administration.
This library of nanocarriers featured sizes below 100 nm, cationic to anionic surface charges,
and adequate long-term stability at 4 °C. One selected NE, named NE-2, was functionalized
with the rabies virus glycoprotein (RVG) to facilitate its penetration into the CNS.

In vitro results in a neuroblastoma cellular model revealed a low toxicity profile and a dose-
dependent transfection efficiency of the nanocarriers. At the highest concentration tested, 100
nM/well, the nanocarriers exhibited a silencing effect of approximately 50% of the targeted
gene. In vivo N-to-B administration enabled direct access of the nanocarriers to the brain, with
modest distribution to various brain areas. However, the functionalization of the selected NE
with RVG did not result in an enhancement in brain uptake. Direct ICV injection of one selected
NCs, NC-1, demonstrated an outstanding silencing effect in the frontal cortex, striatum,
hippocampus, brain stem, and dorsal root ganglion (DRG), reducing targeted mRNA levels by
50-80%, depending on the region. Moreover, based on the RNAscope results, it was concluded
that this NC exhibited a remarkable capacity to diffuse throughout the brain.

Overall, this work allowed us to identify a promising candidate for the delivery of sSiRNA to the
CNS, due to its extensive diffusion across multiple brain regions and its specific knockdown
effect on the targeted mMRNA.
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1. INTRODUCTION

In recent decades, central nervous system (CNS)-related disorders have been positioned as the
second leading cause of mortality worldwide [2]. In just 20 years, from 1990 to 2019, mortality
and prevalence due to neurological disorders have dramatically increased, and it is expected
that 103 million people will be affected by these disorders in 2030 [3,4]. Unfortunately, the
need for treatment of neurological diseases remains unmet, due to the limited efficacy of
conventional therapies [5,6]. Within this frame, gene therapies are expected to play a key role
in reversing or correcting the genetic cause underlying CNS diseases [7-9].

Among the different gene therapies, small interference RNAs (siRNA) have shown
potential for long-term mRNA knockdown, and several siRNAs have been identified to regulate
the biology in the CNS [9-11]. Regardless of their potential to inhibit therapeutic targets in the
brain, SIRNA molecules have inherent limitations, including fast clearance, degradation, and
difficulties in overcoming biological barriers to reach their targets [12-16]. Recent work
suggests that these challenges might be addressed using nanotechnology. This is based on the
fact that the association of SiIRNA molecules with specific nanocarriers enables their protection
from degradation and facilitates their access to certain organs [17].

The major barrier to the access of sSiRNA molecules to the brain is the blood-brain barrier
(BBB) [18,19]. This barrier is fundamental for maintaining the homeostasis of the CNS and
controlling the entry of potentially toxic compounds; however, it also prevents the transport of
drugs into the brain [18-21]. As shown in Figure 1, the cerebral blood vessels are surrounded
by endothelial cells closely connected by tight junctions [22]. These endothelial cells are
covered by a continuous basal lamina, pericytes, and astrocytes, forming a highly restrictive
barrier [23]. Due to the complexity of the BBB, researchers have explored various technological
approaches to facilitate transport across it, making it one of the most ambitious challenges in
CNS disease therapy [24,25].

Because of the difficulties for the access of RNA molecules to the brain, the only approach
that has reached the clinic involves intrathecal administration [26-28]. An example of this is
Spinraza® (nusinersen), an FDA-approved antisense oligonucleotide for the treatment of spinal
muscular atrophy, administered via intrathecal injection [29,30]. However, this invasive
technique is not suitable for long-term therapies [31]. Consequently, less invasive strategies are
being explored, including the transient disruption of the BBB through ultrasounds or the use of
nanocarriers with the capacity to cross the BBB. Moreover, the nose-to-brain (N-to-B) route is
currently being investigated as an option for brain access [1,32,33].

The first study aimed to investigate the N-to-B transport of a dye was performed in 1937,
using a rabbit model [34]. Since then, N-to-B pathways to access the brain have been elucidated,
and it is known that molecules deposited on the olfactory mucosa of the nose can be directly
delivered into the brain though the olfactory and trigeminal nerves, or they can diffuse across
the olfactory epithelium in the case of small, hydrophobic molecules [35,36]. In fact, numerous
clinical trials involving N-to-B delivery are being conducted for the treatment of various
conditions, such as glioblastoma, Alzheimer’s disease, and different psychiatric disorders
[37,38].
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Figure 1. Schematic representation of the structure of the blood-brain barrier

The capillary or vascular lumen interacts with the continuous layer of endothelial cells that are tightly connected
by tight junctions. These endothelial cells are supported by various cellular elements, including pericytes, basal
lamina, neurons, astrocytes, and microglia. Created with https://biorender.com.

As shown in Figure 2, after intranasal administration, drug molecules may have direct
access to the brain by crossing the olfactory epithelium, which is innervated by olfactory and
trigeminal nerves [39,40]. This may occur through different mechanisms: direct internalization
into the olfactory nerve, followed by axonal transport; paracellular transport between epithelial
cells and channels near the olfactory nerves; and transcellular transport across the cells of the
olfactory epithelium [41,42]. After crossing this barrier, the drug molecules reach the olfactory
bulb, from where they can be distributed into different brain regions [43,44]. Moreover, axonal
transport through the trigeminal nerves from the nasal cavity is possible, which synapses at the
trigeminal ganglion, gaining access to the brain stem and the caudal and rostral regions of the
brain [45,46].

Considering the obvious limitations of the delivery of oligonucleotides, various nanocarriers
have been designed to efficiently transport sSiRNA via the N-to-B route. For example, a decade
ago, trans-activator of transcription protein (Tat) -modified polyethylene glycol-poly(e-

118


https://biorender.com/

Nanoemulsions and polymeric nanocapsules for nose-to-brain
and intracerebroventricular delivery of SIRNA

caprolactone) (PEG-PCL) nanomicelles, sized between 50-160 nm and possessing a positive
surface charge (+10 mV) were found to effectively facilitate the transfer of fluorescein amidite
(FAM) -siRNA into the olfactory and trigeminal nerves [47]. Subsequent research with this
nanosystem involved the encapsulation of siRNA targeting serine-threonine kinase 1 (Raf-1)
and camptothecin for the treatment of glioblastoma [48]. A modified version of this nanocarrier,
siRNA targeting tumor necrosis factor-a (TNF-a) -loaded Tat-modified PEG-PCL
nanomicelles (62 nm and +19 mV) were intranasally administered into an ischemic stroke
mouse model, resulting in a reduction of the infracted brain area [49]. Similarly, SIRNA against
galectin-1 (Gal-1) -loaded chitosan nanoparticles (NPs) (140 nm and a surface charge of +30
mV) were administered intranasally for the treatment of glioblastoma in a mouse model.
Combining siRNA-loaded chitosan nanocarriers with temozolomide or a programmed cell
death protein 1 (PD-1) blocking agent led to an increase in survival rates [50,51]. A different
carrier consisting of hyaluronic acid-coated nanocomplexes of DP7-C (a cholesterol-modified
version of the DP7 cell-penetrating peptide) and siRNA targeting vascular endothelial growth
factor (VEGF) or siRNA against polo-like kinase 1 (PLK1) (particle size of 105 nm and a
surface charge of -25 mV) resulted in a decrease in the tumor volume and an extended lifespan
of the animals in a glioblastoma mouse model [52]. A similar approach was followed with
siRNA slit 2, which was encapsulated onto T7-C nanocomplexes (a cholesterol-modified T7,
which is a targeting ligand for transferrin receptor), with a size of 60 nm and a surface charge
of +23 mV. The results showed a prolonged survival rate in a glioma mouse model, with a
significantly smaller tumor area and increased levels of immune cells detected in the tumor
microenvironment [53].

siRNA-loaded NPs were also explored for the treatment of neurodegenerative diseases,
such as Huntington’s disease. Different versions of anti-huntingtin SiIRNA were associated with
chitosan nanocarriers and intranasally administered into a Huntington’s disease model. The
encapsulation of this modified siRNA onto chitosan NPs led to a reduction in huntingtin mMRNA
and protein levels [54]. The N-to-B route has also been investigated in the context of
Alzheimer’s disease. Specifically, siRNA p-secretase 1 (BACE-1), in combination with
rapamycin, both entrapped into a PEGylated poly-L-lysine (PLL) NPs functionalized with a
lectin and a B-amyloid-binding peptide (130 nm, neutral surface charge), were administered
intranasally. As a result, BACEI mRNA levels and AP plaques in the brain were reduced, and
these biological changes were translated into an improvement in the learning and memory
capacity of the animals [55]. In the context of Alzheimer’s disease, our group developed
octaarginine-lauric acid (r8-C12) nanocomplexes enveloped with PEG-polyglutamic acid
(PGA) for the N-to-B delivery of miRNA-132. This nanocarrier (96 nm and neutral surface
charge) resulted in a significant modulation of the mRNA targets in the olfactory bulb and the
hippocampus [56].

Despite the potential of the N-to-B pathway, once molecules, and especially NPs, get
access to the CNS, their diffusion to the targeted brain areas could be a highly limiting step
[57,58]. For example, it has been reported that PEGylated polymeric NPs diffuse less than 20
pum after crossing the BBB [59]. The best approach to investigate this diffusion process is
following intracerebroventricular (ICV) administration. This route of administration consists of
a surgical procedure and a well-defined cannulation process that allows the direct injection of
the drugs into the cerebrospinal fluid (CSF) [26,60]. In vivo studies comprising ICV
administration of siRNA associated were initially performed with naked siRNA and, more
recently, with the conjugation of siRNA with chemical modification agents or encapsulated
onto nanocarriers [61-63]. For example, polyethylamine nanocomplexes containing siRNA a-
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synuclein (90 nm, positive surface charge), which were used in a Parkinson’s disease mice
model, resulted in a ~ 50% reduction in a-synuclein expression in the striatum, without signs
of toxicity [64,65]. Other studies focused on determining the diffusion of the nanocarriers from
the injection site. For example, following ICV administration, LNPs loaded with siRNA
glutamate N-mehtyl-D-aspartic acid receptor subunit zeta-1 (GRIN1) or siRNA phosphatase
and tensin homolog 1 (PTEN) (60 nm and neutral surface charge) were observed to only diffuse
up to 4 mm from the site of injection [66].

Striatum

Hippocampus

Frontal cortex

Brain stem
Olfactory bulb

Nasal epithelium

Trigeminal nerve

R Jl

Dorsal root ganglion

Figure 2. Schematic representation of the brain areas involved in the nose-to-brain and
intracerebroventricular administration modalities

Upon nasal administration, nanocarriers would reach the olfactory or trigeminal nerves, allowing access to
various areas of the CNS, such as the olfactory bulb or the brain stem. In the case of intracerebroventricular
administration, the injection site is situated between the frontal cortex, the striatum, and the hippocampus,
where the administered systems are expected to be located and produce effects. Other areas, such as the brain
stem or dorsal root ganglion, would require greater diffusion from the injection site. Created with
https://biorender.com.

Based on this background information, the primary objective of this work was the
development of a library of nanoemulsions (NEs) and polymeric nanocapsules (NCs) and their
evaluation of their capacity to encapsulate, protect, and deliver siRNA to the CNS. We
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hypothesized that the liquid nature of the proposed nanocarriers would facilitate their brain
distribution. Different oils and surfactants were selected for the screening of this library, to
fulfill the following requirements: (A) reproducible and scalable production; (B) particle size
close to 100 nm in diameter; (C) different surface chargers, including neutral, positive, and
negative; (D) final sSIRNA concentration of at least 0.25 mg/mL; and (E) at least one-month
stability at 4 °C. Modifications on the surface charge and composition of the nanocarriers were
assessed by different types of polymeric coating, intended to facilitate the permeation properties
of the systems, as well as to enhance their stability in biological environments. Selected
formulations were evaluated in terms of their capability of disrupting 3-dimensional barriers in
vitro, cellular toxicity, and transfection efficiency. Finally, selected nanocarriers were
administered by the N-to-B and ICV routes to evaluate their capacity to access the brain and
diffuse to different CNS areas, respectively.

2. MATERIALS AND METHODS

2.1. MATERIALS

DOTAP (1,2-dioleoyl-3-trimethylammonium-propane, chloride salt), DSPC (1,2-distearoyl-
sn-glycero-3-phosphocholine), and DSPE-PEG2000-maleimide (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000], ammonium salt) were
purchased from Avanti Polar Lipids (AL, USA). Vitamin E (Vit E) (D, L-a-tocopherol) and K-
HS15® (Kolliphor® HS15) were obtained from BASF (Mannheim, Germany). Castor oil was
purchased from Acofarma (Madrid, Spain). Oleic acid (super-refined oleic acid) and SPAN 80
(Span 80-LQ-(MV)) were obtained from Croda International (Snaith, UK). Labrafac™
(Labrafac™ Lipophile, WL 1349, medium chain triglycerides of caprylic and capric acids) and
Labrasol® (PEG-8 (MW 400) mono- and diesters of caprylic and capric acids) were purchased
from Gattefossé (Saint-Priest, France). Tween 80 was acquired from Merck Millipore
(Darmstadt, Germany). Inulin (Inutec® SL1) was obtained from CreaChem (Tienen, Belgium).

PEG-PGA (PEG (5 kDa)-b-PGA (10) [Na]) (polyethylene glycol (5 kDa)-block-poly(a-
glumatic acid) (10u)sodium salt) was obtained from Polypeptide Therapeutic Solutions
(Valencia, Spain). HA (hyaluronic acid, 40 kDa) was acquired from Lehmann & Voss & Co.
KG (Hamburg, Germany). PSA (polysialic acid, 30 kDa) was obtained from Serum Institute of
India (PUNE, India). CS (chitosan) was purchased from Heppe Medical Chitosan GmbH
(Saale, Germany). C-PEG3-RVG peptide (C-PEG3-rabies virus glycoprotein derived peptide,
sequence: C-PEG3-YTIWMPENPRPGTPCDIFTNSRGKRASNG, purity = 89.85%) was
purchased from ChinaPeptides (Shanghai, China).

SiIRNA-1 and siRNA-2 were manufactured and provided by Eli Lilly and Company (IN,
USA).
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2.2. PRODUCTION OF NANOEMULSIONS AND NANOCAPSULES
2.2.1. Selection of the nanoemulsion core

Different nanoemulsion (NE) cores were prepared using DOTAP in combination with four
different oils (Vitamin E, oleic acid, Labrafac™, and castor oil) and four different surfactants
(DSPC, SPAN 80, Tween 80, and Kolliphor HS15). In all cases, NEs were prepared by solvent-
displacement technique, maintaining the mass ratio 25.6: 61.6: 12.8 (DOTAP: oil: surfactant).
Briefly, an organic phase was prepared by dissolving DOTAP, oil, and surfactant in ethanol.
This resulting solution (0.15 mL, containing 32 mg/mL DOTAP, 77.2 mg/mL oil, and 16.1
mg/mL surfactant) was added over an aqueous phase (1 mL, RNase-free water), under magnetic
stirring (1400 rpm), leading to the formulation of the blank NEs. The solution was kept under
stirring for 5 minutes and set aside for stability for 5 minutes.

Evaporation under vacuum (Heidolph Hei-VAP Advantage; Schwabach, Germany) was
used to eliminate organic solvents and to concentrate the resulting blank NEs up to a final
DOTAP concentration of 8.47 mg/mL, for further complexation with siRNA.

2.2.1.1. Complexation of SiRNA onto nanoemulsions

Complexation of SIRNA-1 (named siRNA for the rest of section 2.2) onto the cationic
surface of blank NEs was performed following two different strategies. The first approach
consisted of bulk mixing, in which complexation occurred upon mixing of siRNA solution (at
different concentrations, including 0.5, 1, 1.5, and 2 mg/mL in RNase-free water) with the blank
NE solution. Briefly, blank NEs were diluted in RNase-free water to a final volume of 0.1 mL,
aiming for a DOTAP concentration of 1.06, 2.12, 3.18, and 4.23 mg/mL (depending on the
concentration of the siRNA solution). This NE solution was added to 0.1 mL of sSiRNA solution,
under magnetic stirring at 700 rpm for 10 seconds. The volume/volume (v/v) ratio between the
different solutions was kept constant at 1:1. Formulations were allowed to stabilize for 30
minutes. In all cases, the nitrogen to phosphate (N/P) ratio was maintained as 2:1. Resulting
NE-siRNA formulations presented a final sSiRNA concentration of 0.25, 0.5, 0.75, and 1 mg/mL.

The second strategy consisted of microfluidic mixing, in which the blank NEs and the
siRNA solution were injected using a micromixer NanoAssemblr™ bench-top instrument,
Precision NanoSystem Inc. (Vancouver, Canada). Similarly, as in the bulk mixing approach,
v/v ratios of 1:1 of blank NEs (at DOTAP concentration of 4.23 mg/mL) and siRNA solution
(at a concentration of 2 mg/mL) were mixed inside the microfluidic cartridge. Different Total
Flow Rates were explored, and N/P ratio was kept at 2:1.

2.2.2. Preparation of siRNA-loaded nanoemulsions

SiRNA-loaded NEs (NE-siRNA) were produced using the micromixer instrument
described in section 2.2.1.1. In this case, the formation of the NE and the complexation of the
SIRNA occurred simultaneously. In summary, 0.2 mL of the organic phase (consisting of
DOTAP at a concentration of 19.05 mg/mL and oil, dissolved in EtOH) were mixed with 1 mL
of the aqueous phase (containing siRNA and the selected surfactant diluted in RNase-free water,
at a concentration of 0.9 mg/mL). The N/P ratio was kept constant at 2:1. The mixing process
was performed on a microfluidic cartridge, using a v/v ratio of 1:5 (organic to aqueous phase).
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Different Total Flow Rates were tested, aiming to obtain the desired physicochemical
properties. The resulting NE-siRNA formulation presented a theoretical sSiRNA concentration
of 0.75 mg/mL.

For some of the selected NE cores, as Labrafac™-based NEs, different molar ratios (mol%)
were explored, including 46: 35: 18.5 and 25: 56.5: 18.5 (DOTAP: oil: surfactant), aiming to
obtain more desirable physicochemical properties.

2.2.3. Preparation of siRNA-loaded nanocapsules

After formulation of NE-siRNA, nanocapsules (NC-siRNA) were prepared by adding a
polymeric solution (at concentrations dependent on the weight to weight (w/w) or mol to mol
(mol/mol) ratio between the polymer and the siRNA, and the type of polymer used) over the
preformed NE-siRNA system. In summary, 0.2 mL of the polymeric solution were added over
1 mL of the pre-formed NE-SiRNA (at a siRNA concentration of 0.75 mg/mL), and the resulting
solution was maintained under magnetic stirring at 700 rpm for 10 seconds, allowing the proper
mixing between the phases and enhancing the electrostatic complexation of the polymer over
the cationic surface of the NE-siRNA. In all cases, the v/v ratio was kept constant at 1:5
(polymer to siRNA). The resulting formulations were stabilized for 10 minutes.

Multi-layer NC-siRNA (MNC-siRNA) systems were prepared by mixing a cationic
polymer with a preformed anionic NC-siRNA. Briefly, 0.2 mL of the cationic polymeric
solution were added over the 1 mL of the pre-formed NC-siRNA (at a SiIRNA concentration of
0.625 mg/mL.). The resulting solution was maintained under stirring at 700 rpm for 10 seconds,
followed by a stabilization of 10 minutes. In all cases, the v/v ratio was kept constant at 1:5
(cationic polymer to anionic NC-siRNA). Different w/w ratios between the cationic polymer
and the siRNA were explored.

2.3. FUNCTIONALIZATION OF SELECTED NANOEMULSIONS
2.3.1. Synthesis of DSPE-PEG2o00-maleimide-RVG

1 molar equivalent of DSPE-PEG2000-mal at 1 mg/mL in 60% ethanol was incubated with
1.5 molar equivalents of C-PEG3-RVG at 40 mg/mL in 60% ethanol. The appropriate amount
of C-PEG3-RVG peptide was added over DSPE-PEG2000-mal solution, followed by the addition
of 1M MES/triethylamine (TEA) buffer (pH 6.5) to achieve a final concentration of 25 mM
MES buffer. The resulting mixture was incubated at room temperature for 1 hour, and at 4 °C
for 20 hours. Following incubation, the mixture was placed inside a 100,000 MW cut-off
dialysis membrane and subjected to an initial dialysis against 0.9% NaCl and to three
subsequent cycles against endotoxin-free ultrapure water, each cycle lasting at least 4 hours, to
remove unconjugated C-PEG3-RVG peptide.

For the calculation of the encapsulation efficiency, 500 pL of 2 mg/mL of DSPE-PEG2q00-
mal-C-PEG3-RVG (DSPE-PEG-RVG) solution in DMSO-ds were placed inside a 5-mm
nuclear magnetic resonance (NMR) tube and analyzed by a *H NMR of 500 MHz in a Bruker
DRX-500 spectrometer, under a magnetic field strength of 11.74 T (MA, USA), without
presaturation. *H NMR spectrum was analyzed with MestReNova 14.2.2. The areas under the
curve (AUC) corresponding with DSPE-PEG2000-mal and C-PEG3-RVG were recorded and
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used to calculate the conjugation efficiency. AUCozgs ppm COrresponds with the area under the
curve of the six hydrogens of the terminal methyl groups of the alkyl chains of DSPE-PEG2o00-
mal, with a chemical shift of 0.85 ppm. Regarding C-PEG3-RVG, the average value was
calculated using three distinct peaks: AUC10.78 ppm, AUCég.62 ppm, aNd AUCo.76-0.63 ppm. AUC10.78
ppm IS the area under the curve of the hydrogen present in the tryptophan secondary amine, with
a chemical shift of 10.78 ppm. AUCe 62 ppm COrresponds with the area under the curve of the two
hydrogens of the tyrosine’s benzene ring, with a chemical shift of 6.62 ppm. AUCo.76-0.63 ppm IS
the area under the curve of twelve hydrogens present on the four methyl groups of the
isoleucine, with a chemical shift of 0.76 to 0.63 ppm.

2.3.2. Formulation of siRNA-loaded NE-RVG

Modification of NE-siRNA-1 (named NE-siRNA for the rest of section 2.3) with DSPE-
PEG-RVG was performed on NE containing DOTAP, Vitamin E, and Tween 80 (19.4: 75.4:
5.2 mol%). Two different approaches were explored: incorporation of DSPE-PEGa2o00-
maleimide and further functionalization with RVG; and direct incorporation of already
modified DSPE-PEG-RVG.

The first strategy consisted of adding 0.1 mol% of DSPE-PEGaoo-maleimide to the
formulation, leading to a lower Vitamin E content (from 75.4 to 75.3 mol%), and procedure
with the formulation of the NE-siRNA depicted in section 2.2.2. In a second step, 0.75 mL of
the previously formed NE-siRNA (containing 0.07 mg/mL of DSPE- PEG2o00-maleimide) were
mixed with different volumes of C-PEG3-RVG solution (1 mg/mL in HEPES, 10 mM, pH 7).
The volume of the RVG peptide solution added is dependent on the molar ratios between DSPE-
PEG2000-maleimide and C-PEG3-RVG. Both solutions were combined by pipette mixing, and
incubated overnight at 4 °C.

The second strategy consisted of the direct formulation of the NE-siRNA as depicted in
section 2.2.2., using 0.1 mol% of DSPE-PEG-RVG, synthesized as described in section 2.3.1.
In both cases, intended to eliminate unreacted peptides, samples were filtered using Amicon®
Ultra 0.5 mL Centrifugal Filters Ultracel® -100K (Merck Millipore, MA, USA).

2.4. CHARACTERIZATION OF NANOEMULSIONS AND NANOCAPSULES

2.4.1. Characterization of the size, polydispersity index and ¢-potential of nanoemulsions
and nanocapsules

Hydrodynamic diameter and polydispersity index (PDI) were characterized by dynamic
light scattering (Zetasizer® Nano ZS, Malvern Instruments, Malvern, UK). {-potential was
measured in terms of mean electrophoretic mobility values, measured by laser Doppler
electrophoresis with the same equipment.

Particle size and PDI measurements were performed after diluting the samples 10 x in
RNase-free water. {-potential characterization was obtained after dilution of samples 20 x in
RNase-free water.
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2.4.2. Characterization of encapsulation efficiency and siRNA concentration

Encapsulation efficiency (EE%) and siRNA-1 (named siRNA in the rest of section 2.4)
concentration were assessed following different methodologies. In all cases, NE-siRNA and
NC-siRNA formulations were diluted in a 1:1 (v/v) ratio with Triton X or heparin solutions,
prepared at 50 mg/mL in RNase-free water. Incubation with Triton X (Triton-X-100, Sigma-
Aldrich, MO, USA) induced the disruption of the nanocarrier, while heparin (Sigma-Aldrich,
MO, USA) led to the displacement of the sSiRNA from the NP.

2.4.2.1. Agarose gel electrophoresis

To qualitatively assess the amount of sSiRNA encapsulated onto NE-siRNA and NC-
siRNA formulations, samples containing 1-3 pg of siRNA were loaded in an agarose gel at
1% wi/v in Tris Acetate-EDTA buffer (Sigma-Aldrich, MO, USA) before and after incubation
with Triton X and heparin. Samples were diluted with equal volumes of loading mix,
containing 1x SYBR® Gold nucleic acid strain (Invitrogen, CA, USA). Free siRNA was
included as a control. Gels were run for 30 minutes at 90 V in a Sub-Cell GT cell 96/192 (Bio-
Rad Laboratories, CA, USA), and evaluated with a UV transilluminator imagining system
(Molecular Imager® Gel Doc™ XR, Bio-Rad Laboratories, CA, USA).

2.4.2.2. RiboGreen assay

Quant-iT RiboGreen RNA assay kit (Invitrogen, MA, USA) was used to quantitatively
determine the EE% and the siRNA concentration of NE-siRNA and NC-siRNA formulations.
Briefly, samples were diluted 50-fold in TE buffer (1x), followed by a 2-fold dilution with
Triton X and incubation at 37 °C for 30 minutes. Subsequently, samples were diluted 10-fold
with TE buffer (1x). The standard curve was prepared using siRNA at concentrations between
0.1 to 1 pg/mL, in the presence of Triton X. Following manufacturer instruction, RiboGreen
reagent was diluted 200-fold in TE buffer (1x), and added to an equal volume of sample,
leading to a final volume of 200 pL. Samples and the standard curve were transferred to a 96-
black polystyrene microplate (Croning®, NY, USA). Fluorescence intensity was assessed
using a microplate reader (Synergy H1, BioTek Instruments, VT, USA), using excitation at
485 nm and emission at 530 nm. The standard curve (r> > 0.99) was used for determining the
SiRNA concentration of the sample. The encapsulation efficiency of siRNA was calculated
according to the following Equation 1.

[SiRNA] disrupted
[SiRNA] theoretical

Where [siRNA]gisruptea 1S the SIRNA concentration determined after treating the

nanosystems with the disrupting agent. [SiRNA];neoreticar 1S the theoretical total siRNA
concentration of the nanosystem.

Encapsulation ef ficiency (EE%) =

Equation 1. Calculation of encapsulation efficiency (EE%)
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2.4.2.3. Ultra Performance Liquid Chromatography

Intended to obtain more reliable encapsulation efficiency and siRNA concentration
values, NE-siRNA and NC-siRNA formulations were analyzed by Ultra Performance Liquid
Chromatography (UPLC) on an Acquity H-UPLC Class system with a UV detector at 260 nm
(Waters Corporation, MA, USA), equipped with an ACQUITY UPLC BEH Amide Column,
130A, 1.7 um, 3 mm x 50 mm (Waters Corporation, MA, USA). Mobile phase A consisted of
25 mM of ammonium acetate in 80:20 acetonitrile HPLC grade: water (v/v), and phase B of
25 mM of ammonium acetate in 40:60 acetonitrile HPLC grade: water (v/v). The column
temperature was set at 40 °C, and 3 pL of the sample were injected at a flow rate of 0.5
mL/min, setting the sample temperature as 20 °C. The chromatography method consisted of a
linear gradient from 0% to 100% of phase B in 10 minutes, followed by a gradient from 100%
to 0% in 1 minute, and stabilization at 0% of phase B for 6 minutes.

In the case of the NE-siRNA containing DOTAP, Vitamin E, and Tween 80 (with and
without DSPE-PEG-RVG functionalization), the chromatography method was adapted to
obtain a more distinctive peak for siRNA. In this case, the method consisted of a linear
gradient from 0% to 100% of phase B in 18 minutes, followed by a gradient from 100% to 0%
in 1 minute, and stabilization at 0% of phase B for 6 minutes.

Regardless of the chromatographic method used, the amount of sSiRNA in each sample
was calculated using a standard curve generated with known concentrations of the sSiRNA (4-
320 pg/mL — r? > 0.99). The encapsulation efficiency of siRNA was calculated according to
the following Equation 1. Each analysis was done at least in duplicate.

2.5. CONCENTRATION AND SCALE-UP OF NANOCAPSULES

To achieve the targeted siRNA-1 (named siRNA in the rest of section 2.5) concentrations, NE-
SiRNA and NC-siRNA formulations were concentrated using Amicon® Ultra 0.5 mL
Centrifugal Filters Ultracel® -100K (Merck Millipore, MA, USA). In summary, all samples
were concentrated at 14000 g during a variable amount of time, dependent on the formulation
(usually, between 5 to 20 minutes). This process allowed the 5-fold concentration of the
formulations, leading to a final volume of around 0.1 mL and a final siRNA concentration of
3-3.75 mg/mL. Samples were characterized as described in section 2.4. before and after the
concentration process.

To meet the requirements for functional evaluation of the nanocarriers, the preparation and
concentration of selected NE-siRNA and NC-siRNA formulations were scaled up. For the
preparation of NE-siRNA samples, 2 mL of the organic phase were mixed with 10 mL of the
aqueous phase, maintaining the parameters optimized in section 2.2.2. This step constituted a
10-fold increase in the production volume, leading to a final volume of 12 mL and a siRNA
concentration of 0.75 mg/mL. These NE-siRNA formulations were used for the scale-up of the
NC-siRNA. Briefly, 2 mL of the polymer solution were added over 10 mL of the previously
formed NE-siRNA solution. The rest of the parameters optimized in section 2.2.3. were
maintained. This adaptation constituted a 10-fold increase in the production volume, leading to
a final volume of 12 mL and a siRNA concentration of 0.625 mg/mL.

The concentration process was also scaled up by using Amicon® Ultra-15 Centrifugal
Filters Ultracel® -100K (Merck Millipore, MA, USA), allowing a 5-fold concentration. This
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optimization constituted a 20-fold improvement in the production volume, leading to a final
volume of approximately 2 mL and a sSiRNA concentration of around 3-3.75 mg/mL.

2.6. STABILITY OF NANOEMULSIONS AND NANOCAPSULES

The experiments described in this section were performed using sSiRNA-1, named siRNA in the
rest of section 2.6. The colloidal stability of the NE-siRNA and NC-siRNA samples was
assessed upon storage at 4 °C for up to 1 month. Besides visual inspection of the samples, to
identify macroscopic changes in their appearance, color, or the presence of aggregates,
measurements of particle size, PDI, (-potential, and SiRNA association efficiency were
performed, as described in section 2.4. The sample in solution would be considered stable if the
change in the average diameter is inferior to 10%, as compared with the initial sample.

2.7. PRELIMINARY IN VITRO EVALUATION OF NANOCARRIERS

The experiments described in this section were performed using sSiRNA-1, named siRNA in the
rest of section 2.7.

2.7.1. Barrier function assessment

Barrier function, tissue viability, and siRNA permeability of different nanocarriers were
evaluated in an EpiAirway™ tissue model (MatTek Corporation, MA, USA). Barrier function
was evaluated by transepithelial electrical resistance (TEER), while viability was assessed by
lactate dehydrogenase (LDH) assay. NE-siRNA and NC-siRNA were applied to the apical
surface of the tissues. Different controls were used, including untreated tissue, vehicle control
(PBS), and two positive controls (Triton X, and LY-06D, an internal positive control provided
by Eli Lilly). All samples were applied for 4 hours, during which tissues were transferred to
fresh media at different time points (including 5, 60, 120, and 240 minutes) to assess
permeability. Samples were removed and tissues were rinsed to eliminate any remaining
formulation and incubated for an additional 20 hours. At each point, an LDH assay was
performed. In summary, basolateral media samples were collected and incubated with LDH
reagent, at room temperature for 30 minutes, protected from light. After that time, a stop
solution was added, and absorbance of the samples was measured in a plate reader at 490 nm.

The barrier function was evaluated by TEER before exposure and after 4- and 24-hours
post-treatment. Briefly, after rinsing the tissues, TEER buffer was added to the apical surface
of the tissue, which was then transferred into the culture cup. There, ohms measurement was
performed using an EVOM2 voltohmmeter.

The permeability of the nanocarriers was evaluated by hybridization enzyme-linked
immunosorbent assay (hELISA) (protocol is detailed in section 2.8).

2.7.2. Transfection efficiency and cytotoxicity in BE(2)-C cells

A total of 10,000 BE(2)-C cells were seeded per well in a flat bottom 96-well plate and
allowed to adhere for 24 hours. Cells were treated with nanocarriers containing siRNA for 24
hours, in Opti-MEM™ (Gibco™, Thermo Fisher, MA, USA) with 1% FBS, at concentrations
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ranging from 100 to 0.1 nM. Then, nanocarriers were removed and replaced with a complete
medium, and cells were incubated for another 20 hours.

Cell viability was measured using CytoTox 96® Non-Radioactive Cytotoxicity Assay
(Promega, WI, USA), following manufacturer recommendations. Briefly, cells were lysed and
incubated with the cytotoxicity reagent for 30 minutes in the absence of light. A stop solution
was added and cytotoxicity was measured in a plate reader, at 490 nm.

Transfection efficiency was measured using SYBR™ Green Fast Advanced Cell-to-CT™
kit (Thermo Fisher, MA, USA), followed by a quantitative real-time PCR (qPCR). In summary,
cells were lysed, and reverse transcription (RT) was performed by adding the RT reaction
master mix (containing SYBR™ RT mix and the RT enzyme mix) and performing a thermal
cycle of 1 hour at 37 °C, 5 minutes at 95 °C, and hold at 4 °C. cDNA samples obtained from
this process were incubated with the corresponding target probes, and TagMan™ Fast
Advanced Master Mix (Thermo Fisher, MA, USA). Analysis was performed in a
QuantStudio™ gPCR system (Applied Biosystem, Thermo Fisher, MA, USA), following one
cycle of 15 minutes at 50 °C, one cycle of 1 minute at 95 °C, 44 cycles of 40 seconds (10 seconds
at 95 °C and 30 seconds at 60 °C), one cycle of 10 seconds at 95 °C, one cycle of 5 seconds at
65 °C, and a final dissociation curve.

2.8. ANIMAL STUDIES

All animal studies procedures were performed in compliance with relevant laws and
institutional guidelines and the appropriate institutional committee(s) have approved them. Two
different modalities of administration were investigated.

2.8.1. NOSE-TO-BRAIN (N-TO-B) ADMINISTRATION
The administration was performed on Sprague-Dawley rats, having 5 animals per group.

Animals were anesthetized and placed in a supine position. Size polyethylene (PE10)
flexible catheter tubing was carefully inserted 2 cm deep into the right dorsal nasal cavity and
attached to a syringe pump infusion. The nose-to-brain direction was titled towards the ground
to improve the administration by gravity force. A total of 0.32 mL were administered over 60
minutes of intranasal infusion. Nanocarriers were administered at a total SIRNA-1 concentration
of 3.68, 3.57, and 4.1 mg/mL for NE-2, NE-2-RVG, and NC-5, respectively. Internal positive
control (LY-06D) was used for comparison and was administered at a SiRNA-1 concentration
of 6.25 mg/mL. During administration, an oximeter was used along with oxygen flow near the
nose to maintain appropriate oxygen saturation. Once completion of the administration session,
animals were kept in a supine position until woken up.

After 4.5h post-administration, animals were sacrificed, and different brain areas were
harvested (including the olfactory bulb, trigeminal nerve, and frontal cortex); nasal epithelium
was also collected. hELISA was performed, after homogenizing the tissues and treating the
samples with Triton X to fully release siRNA-1.

For that, tissues were initially homogenized, and samples were treated with Triton X,
aiming to break the remaining nanocarriers and release the siRNA-1. A standard curve with
free sSiRNA-1 was also prepared in the presence and absence of Triton X. Then, samples and
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controls were incubated with the hybridization buffer (containing the sense or antisense probes),
followed by a thermal cycle for hybridization (90 °C for 5 minutes, 40 °C for 30 minutes, and a
hold stage at 12 °C). Then, all samples were transferred to a pre-blocked streptavidin-coated
plate, and incubated for 1 hour while shaking (250 rpm). The plate was washed (at least 4 times),
and incubation with conjugate antibody in blocking buffer was performed for 1 hour while
shaking (250 rpm). This process was followed by a final wash, and incubation with the substrate
solution, preventing light exposure, for 15 minutes at room temperature. Finally, detection was
performed on a plate reader, at 450 nm.

2.9. INTRACEREBROVENTRICULAR (ICV) ADMINISTRATION

The administration was performed on C57BI/6 mice, having 6 animals per group. The selected
formulation to be explored was NC-1, containing siRNA-2 at a concentration of 2 mg/mL.
Different controls were added, including a vehicle control (PBS), a positive control (internal
positive control provided by Eli Lilly, containing siRNA-2 at a concentration of 3 mg/mL), and
free SiRNA-2 (at a concentration of 2 mg/mL).

ICV administration was performed using a stereotaxic-guided Hamilton syringe and
infusion system (Harvard Apparatus). A single infusion of 10 pL of the material was performed
into the right ventricle (AP =-0.3 mm; ML =+1.0 mm; DV: -2.4 mm), using a 25 uL Hamilton
syringe with a 30-gauge needle. After 14 days, animals were euthanized and tissue was
collected from the left hemisphere, including the frontal cortex, striatum, hippocampus, brain
stem, and dorsal root ganglion (DRG). These tissues were homogenized, and Cell-to-CT and
gPCR process was performed as summarized in section 2.7.1., with specific probes for
quantification of the mRNA target of SIRNA-2.

The right hemisphere was fixed with neutral buffered formalin, and sagittal slides were
sectioning, of around 5 um thickness. Samples were used to perform RNAscope, aiming to
visualize the siRNA-2 diffusion in the brain.

3. RESULTS AND DISCUSSION

In the context of CNS disorders, siRNA-based therapies offer promising alternatives to
conventional therapies. They have the potential to address the root causes of diseases rather
than merely alleviating symptoms. However, their clinical application faces challenges,
primarily related to accessing the CNS and the necessity for invasive administration techniques.
Additionally, the development of suitable delivery systems is crucial to protect and ensure the
effective delivery of SiRNA to the targeted cells. Aiming to explore the potential of
nanotechnology for various modalities of administration, including N-to-B and ICV, a library
of NEs and polymeric NCs was developed and fully characterized. The selection of these
delivery technologies, which are well established in our laboratory, was based on their
versatility, flexibility, small size, and adjustable surface composition and surface charge.
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3.1. DEVELOPMENT OF A LIBRARY OF NANOEMULSIONS AND NANOCAPSULES
3.1.1. Selection of the core of nanoemulsions

A library of different NEs and NCs was developed, aiming to fulfill the mentioned target
product profile. Specifically, the selected nanocarriers needed to be reproducible, with a particle
diameter less than or approximately 100 nm, and exhibit different surface charges (including
neutral, positive, and negative). Additionally, their production had to be scalable and ensure at
least one-month stability at 4°C.

To determine the composition of the NEs, an initial screening was performed using
DOTAP, acationic lipid capable of interacting with sSiRNA. It was combined with four different
oils (Vitamin E, oleic acid, Labrafac™, and castor oil), and four different surfactants (DSPC,
SPAN 80, Tween 80, and K-HS15®). The combinations of specific oils and surfactants were
expected to influence the stability of the NEs in biological fluids and their brain uptake [67,68].
The results of this screening (Supplementary Table 1) indicate that, overall, the smallest sizes
were achieved with NE combining DOTAP and Vitamin E, followed by the combination of
DOTAP and Labrafac™. In these two combinations, the use of the surfactants K-HS15® and
Tween 80 also yielded more favorable physicochemical properties in terms of particle size and
polydispersity.

The combination of DOTAP with the oils Vitamin E and Labrafac™, along with K-HS15®
and Tween 80, were selected for further optimization. Initially, blank NEs were prepared and
concentrated using vacuum evaporation, resulting in a final DOTAP concentration of 8.47
mg/mL (Supplementary Table 2). Subsequently, a screening was conducted using different
concentrations of blank NEs and siRNA, aiming to achieve a final sSiRNA concentration in the
range of 0.25 to 1 mg/mL. In all cases, the N/P ratio was maintained as 2:1, to ensure complete
complexation of sSiRNA. As shown in Supplementary Table 3, Vitamin E-based NEs exhibited
smaller sizes than the Labrafac™-based NEs, with no significant differences found among the
surfactants used. The complexation of sSiRNA, as determined by the agarose gel technigue, was
optimal for Vitamin E-based NEs, with no siRNA displacement in the presence of heparin
(Supplementary Figure 1). The band corresponding with free sSiRNA was only observed after
the disruption of the nanocarriers with Triton X.

In the final step of this initial screening, NE production was performed using a microfluidic
system to further reduce the particle size [69]. As a part of this exploratory assay, a NE
containing Vitamin E and K-HS15® was mixed with the siRNA solution, resulting in a final
siRNA concentration of 0.75 mg/mL. Two different total flow rates were explored, and as
reported in Supplementary Table 4, higher flow rates led to smaller particle sizes and reduced
polydispersity index. Additionally, no changes in encapsulation efficiency were found at
different total flow rates, indicating that all SIRNA was entrapped within the nanocarrier and
fully released after treatment with Triton X, as shown in Supplementary Figure 2.

This initial screening enabled the identification of a combination of oils and surfactants for
the formulation of blank NEs that meet the desired physicochemical properties. Furthermore,
microfluidic mixing has been shown to reduce the polydispersity of the formulation upon the
complexation of SIRNA.
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3.1.2. Development of siRNA-loaded nanoemulsions

NEs were produced by microfluidics mixing of an organic phase containing the cationic
lipid and the oil, and an aqueous phase with the SiRNA and surfactant solutions. Various
combinations of oils (Vitamin E and Labrafac™) and surfactants (Tween 80, K-HS15®,
Labrasol®, and Inulin) were explored to increase the compositional variability of our library.
The ratios among the different components were optimized to achieve a particle size smaller
than 100 nm, a positive surface charge, and a final siRNA concentration of 0.75 mg/mL, as
required by the TPP.

The production of small NE-siRNA shown in Table 1 required optimization. Specifically,
NE-3 (DOTAP: Labrafac™: Tween 80) was optimized, as reported in Supplementary Table 5.
Initially, a high content of oil was used (16.8: 81.4: 1.8), resulting in considerably larger size
and polydispersity. By reducing the oily content and increasing both cationic lipid and
surfactant molar percentages (46: 35.5: 18.5), the polydispersity index and particle diameter
were reduced accordingly. To further reduce the particle size, adjustments were made to slightly
reduce the cationic lipid and increase the amount of oil (25: 56.5: 18.5). Moreover, different
total flow rates were explored, concluding that high rates (14 mL/min) resulted in smaller
particle sizes. In summary, the molar ratio selected for the formulation of NE-3 was 25: 56.5:
18.5 (DOTAP: Labrafac™: Tween 80), using a total flow rate of 14 mL/min, and a final SiRNA
concentration of 0.75 mg/mL.

Table 1. Physicochemical properties of siRNA-loaded NE-1, NE-2, NE-3, NE-4 and NE-5

NE-1 NE-2 NE-3 NE-4 NE-5
Composition DOTAP: Vit E: DOTAP: Vit E: DOTAP: DOTAP: Vit E: DOTAP: Vit E:
(DOTAP:oil: K-HS15@ Tween 80 Lab™: Labrasol® Inulin
surfactant) Tween 80
Molar ratio (mol%) 16.9:65.8:17.3 19.4:75.4:5.2 25:56.5:18.5 19.4:75.4:5.2 19.4:75.4:5.2
Particle diameter 90 + 16 73 £10 86 + 10 100 + 8 68 +5
(nm)
PDI 0.20 + 0.04 0.20 + 0.04 0.24 + 0.03 0.18 + 0.01 0.26 + 0.03
{-Potential (mV) +51+3 +47 + 4 +38+6 +50 + 3 +48 + 2
Encapsulation 100 100 100 100 100

efficiency (%)
Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. K-HS15®: Kolliphor® HS15.
Lab™: Labrafac™ Lipophile, WL 1349. NE: nanoemulsion. PDI: polydispersity index. Vit E: D, L-a-tocopherol.
Values represent the mean + standard deviation (n > 3).

On the other hand, the optimization of NEs containing DOTAP, Labrafac™, and K-HS15®
can be found in Supplementary Table 6. The initial molar ratio explored (16: 77.5: 6.5),
regardless of the total flow rate used for their microfluidic production or the final siRNA
concentration, resulted in sizes exceeding the desirable limits. The reduction of the oily content
of the NEs led to a reduction in particle diameters and an increase in the polydispersity index.
Considering the physicochemical properties obtained, this combination of materials was
discarded.
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Figure 3. Encapsulation efficiency of siRNA-loaded NE-1, NE-2, NE-3, NE-4 and NE-4. Samples were treated
with Triton X or heparin for nanoemulsion disruption or siRNA displacement, respectively

Abbreviations: NE: nanoemulsion. Triton X: Triton-X-100.

According to the agarose gel, and further confirmed by Ribogreen assay and UPLC
analysis, all sSiRNA was associated with the NEs (Figure 3). Treatment with Triton X led to
disruption of NE-siRNA systems, allowing the release and detection of the free siRNA.
However, displacement by heparin was only observed for NE-3. In the case of NE-2 and NE-
5, partial displacement was observed after heparin treatment, while no displacement was
detected in NE-1 and NE-4. These distinct behaviors indicate differences in the interactions
between siRNA and the cationic component of the NE-siRNA. A possible explanation would
be the type of surfactant used, as NE-2, NE-4, and NE-3 contain the same components at the
same molar ratios, except for the surfactant.

3.1.3. Development of siRNA-loaded nanocapsules

The complexation of different polymers over pre-formed NE-siRNA systems led to the
formation of siRNA-loaded NCs (NC-siRNA) with different physicochemical and surface
properties. Polymers used to form the capsule shell include polyethylene glycol-polyglutamic
acid (PEG-PGA), hyaluronic acid (HA), polysialic acid (PSA), and chitosan (CS). Their
selection was based on their solubility in water, safety profile, and variety of net charges
(neutral, from PEG-PGA,; negative, from HA and PSA; and positive, from CS). In addition,
some of these polymers, CS and HA, are known for their bioadhesive properties.

Regarding the physicochemical properties that may influence the N-to-B transport, it has
been reported that positively charged NPs and liposomes are retained on the negatively charged
olfactory epithelium, thereby facilitating the transport of associated molecules into the brain
[42,70]. This behavior has been attributed to their adhesion to the olfactory epithelium. In
particular, HA and CS, have been reported to facilitate the diffusion of drugs across the
olfactory epithelium [39,71-74]. However, the capacity of these nanocarriers to overcome the
N-to-B barriers has not been sufficiently validated.

On the other hand, when considering the influence of the nanocarrier’s charge on brain
transport, results are controversial and highly affected by the nature of the studies performed.
Some authors have reported that highly anionic nanocarriers have a greater chance of disrupting
the BBB and diffusing across the brain than neutral NPs [75,76]. However, other reports
highlight the importance of a positive surface charge for electrostatic adhesion to endothelial
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cell membranes and subsequent transcytosis of these nanocarriers across the BBB and the brain
[77,78]. Unfortunately, all these studies fail to understand the role of the protein corona,
particularly relevant in charged particles, and their subsequent transport across the BBB and
the CNS. This is a subject that still needs significant attention from the scientific community.

Table 2. Physicochemical properties of siRNA-loaded NC-1, NC-2, NC-3, NC-4, NC-5 and MNC-1

NC-1 NC-2 NC-3 NC-4 NC-5 MNC-1
Base nanosystem NE-2 NE-2 NE-2 NE-3 NE-3 NC-2
Base DOTAP: Vit  DOTAP: Vit  DOTAP: Vit  DOTAP: DOTAP: DOTAP: Vit
composition E: T80 E: T80 E: T80 Lab™: T80 Lab™: T80 E: T80 + HA
Polymer coating PEG-PGA HA PSA HA PSA (&
siRNA:  polymer 1:2 1:4 - 1:4
ratio (mol/mol)
siRNA:  polymer - - 1:2 - 1:4 1:3.8
ratio (w/w)
Particle 735 87 +6 116 +3 70+ 8 79 £ 11 100 + 16
diameter (nm)
PDI 0.15+0.03 0.15+0.02 0.13+0.03 0.24+0.03 0.23+0.02 0.18+0.02
C-Potential (mV) 1+6 -28+2 -48 + 1 -23+5 -44 + 8 +49 + 4
Encapsulation 100 100 100 100 100 100

efficiency (%)

Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: CS: chitosan. DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. HA: hyaluronic
acid (40 kDa). Lab™: Labrafac™ Lipophile, WL 1349. MNC: multi-layer nanocapsule. mol/mol: mol to mol ratio.
NC: nanocapsule. NE: nanoemulsion. PEG-PGA: PEG (5 kDa)-b-PGA (10) (Na). PDI: polydispersity index. PSA:
polysialic acid (30 kDa). T80: Tween 80. Vit E: D, L-a-tocopherol. w/w: weight-to-weight ratio. Values represent
the mean * standard deviation (n = 3).

The polymer coating of the NCs was formed using different amounts of polymer, with
varying weight-to-weight (w/w) or mol-to-mol (mol/mol) ratios between the siRNA and the
polymer. In the case of CS, a double HA/CS layer was formed. Table 2 shows that the particle
diameter was influenced by the type of polymer used. For example, NC-1 (DOTAP: Vitamin
E: Tween 80 + PEG-PGA), NC-2 (DOTAP: Vitamin E: Tween 80 + HA), and NC-3 (DOTAP:
Vitamin E: Tween 80 + PSA), with the same oily core (NE-2), presented different particle sizes
due to the different polymer shell. A similar behavior was observed for NC-4 and NC-5 with
the same oily core (DOTAP: Labrafac™: Tween 80), but with a HA or PSA polymer shell,
respectively. Finally, MNC-1 (DOTAP: Vitamin E: Tween 80 + HA + CS) exhibited the largest
size, which may be attributed to the double polymer shell. As expected, the different polymer
coatings had an impact on the surface charge of the NCs. NC-1, being the only system with
PEG-PGA, depicted a neutral surface charge; while MNC-1, containing CS on the outer layer,
exhibited a positive charge. Overall, the coating of selected NE-siRNA with different polymers
allowed the development of a diverse library of NC-siRNA, presenting differences in size and
surface charge.

The RNA association efficiency was 100% in all cases, leading to a final siRNA
concentration of 0.625 mg/mL (Figure 4). Interestingly, regardless of the polymeric coating,
dissociation of siRNA from the NC-siRNAs was equivalent to the observed with the NE-
SIRNAs. Therefore, NC-siRNA derived from NE-2 (NC-1, NC-2, NC-3, and MNC-1)
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completely released their SIRNA content after treatment with Triton X, but not after the addition
of heparin. On the other hand, NC-siRNA derived from NE-3 (NC-4 and NC-5) presented a
total release of the sSiRNA after treatment with both disrupting reagents.
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Figure 4. Encapsulation efficiency of siRNA-loaded NC-1, NC-2, NC-3, NC-4, NC-5 and MNC-1. Samples were
treated with Triton X or heparin for nanoemulsion disruption or siRNA displacement, respectively

Abbreviations: MNC: multi-layer nanocapsule. NC: nanocapsule. Triton X: Triton-X-100.

For each NC-siRNA, different w/w or mol/mol ratios between siRNA and the polymers
were tested, resulting in variations in the physicochemical properties of the NC-siRNA, as
outlined in Supplementary Table 7. Overall, higher siRNA-to-polymer ratios, regardless of the
polymer used, resulted in larger particle diameters and more significant alterations in the surface
charge. Specific siRNA-to-polymer ratios were required for each polymer and NC, as
summarized in Table 2. These variations may be attributed to the specific polymer used and its
interactions with the cationic surface of the NEs.

3.2. FUNCTIONALIZATION OF SIRNA-LOADED NANOEMULSION WITH RVG PEPTIDE

We selected NE-2 for functionalization with a rabies virus glycoprotein (RVG). The RVG
peptide, responsible for cellular entry and virus fusion, binds to the nicotinic acetylcholine
receptor found in CNS cells [79]. RVG has previously been utilized as a targeting ligand for
RNA delivery via the N-to-B route [80]. To achieve this, we conjugated RVG with a PEGylated
surfactant, DSPE-PEG2000, Which has a maleimide terminal group. Two different
methodologies were explored for functionalization: (i) direct conjugation of the targeting ligand
onto the preformed NE-2, containing DSPE-PEGz000-maleimide; or (ii) pre-conjugation,
involving the functionalization of RVG onto DSPE-PEG2o00-maleimide, followed by the
formulation of the nanosystem in presence of the modified lipid. In both strategies, RVG was
conjugated to the maleimide group using thiol-maleimide click chemistry.

As illustrated in Figure 5 (top left), RVG was modified to present a Cys on the N-terminus,
intended to facilitate the interaction with the maleimide group. According to the modeling of
the RVG sequence, both Cys residues (highlighted in yellow) are accessible for their interaction
with the maleimide group. The results obtained by *H NMR allowed the assessment of the
peptide conjugation reaction and its yield. Both RVG peptide and DSPE-PEG2000-maleimide
were analyzed separately (top right and bottom left, respectively) to identify characteristic
peaks. These peaks were observed on the spectrum obtained after the conjugation process
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(bottom right), indicating the successful reaction between the RVG and the maleimide group of
the PEGylated lipid. The conjugation efficiency was calculated as 95%, and the yield or
recovery percentage of the reaction was estimated at 73.6%.
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Figure 5. RVG functionalization onto DSPE-PEG3000-maleimide

Structure of C-PEG3-RVG, predicted using PEP-FOLD 3 online tool. The 3D-surface of the peptide was generated
by PyMOL Molecular Graphics Systems, Version 1.4.7.5 Edu, Schrodinger, LLC. Black arrows indicate the
theoretical location of the cysteine (C) residues on the folded peptide (top left). '"H NMR spectrum of RVG (top
right), DSPE-PEG;00-maleimide (bottom left), and DSPE-PEG-RVG (bottom right). The orange box indicates the
signal from the NH group in the indole ring of the tryptophan (W) residue (10.78 ppm, 1 hydrogen); the green
box corresponds with the signal of the OH group of the tyrosine (Y) residue (8.99 ppm, 4 hydrogens); the yellow
box indicates the signal of four methyl groups of the isoleucine (I) residue (0.76-0.63 ppm, 12 hydrogens); all
provided by the RVG peptide. The blue box indicates the signal from two CH3 groups, from the terminal methyl
groups of alkyl chains of DSPE-PEGg00-maleimide (0.85 ppm, 6 hydrogens).

Both conjugation strategies, pre- and post-insertion onto the NE, resulted in significant
differences in terms of physicochemical characterization, as presented in Table 3. Direct
conjugation of RVG peptide onto preformed NE-2-siRNA, containing 0.1% mol of DSPE-
PEG2000-maleimide, was explored with two different mol/mol ratios between maleimide and
the targeting ligand. The second strategy involved the formulation of NE-2-RVG in a single
step by adding 0.1% mol of pre-conjugated DSPE-PEG-RVG. Due to differences in particle
size, the second strategy was selected for further studies.
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Table 3. Physicochemical properties of NE-2 functionalized with RVG peptide, following two different
conjugation strategies

Strategy Condition Ratio Mal:RVG Particle PDI (-Potential EE
(mol/mol) diameter (nm) (mV) (%)
Direct NE-2-Mal 61 0.24 +48 100
conjugation
NE-2-RVG 1:1 75 0.24 +60 100
1:2 70 0.22 +55 100
Pre- NE-2-RVG - 84 + 37 0.25 £ 0.01 +57 6 100

conjugation
Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: EE: encapsulation efficiency. Mal: maleimide. mol/mol: mol to mol ratio. NE:
nanoemulsion. PDI: polydispersity index. RVG: rabies virus glycoprotein. Values represent the mean + standard
deviation (n = 3, unless no standard deviation is reported).

3.3. CONCENTRATION, SCALE-UP, AND STABILITY OF NANOEMULSIONS AND NANOCAPSULES

The formulations developed were concentrated using Amicon® Ultra 0.5 mL Centrifugal
Filters Ultracel® -100K (Merck Millipore, MA, USA). As presented in Table 4, selected NE-
SIRNA (NE-1, NE-2, NE-3, NE-4, and NE-5) and NC-siRNA (NC-1, NC-4, NC-5, and MNC-
1) were concentrated to achieve siRNA concentrations of at least 3 mg/mL.

Table 4. Physicochemical properties of selected NE-siRNA and NC-siRNA after concentration using
centrifugal filters

Nanosystem Speed  Time [siRNA]final Particle PDI (-Potential EE
(g) (min) (mg/mL) diameter (nm) (mV) (%)
NE-1 14000 5 4.1+£0.1 95+2 0.21 £ 0.01 +52 £ 1 100
NE-2 14000 5 3.5+0.3 69 + 4 0.22 + 0.02 +60 £ 3 100
NE-3 14000 5 4.3:0.6 88 +1 0.23 £ 0.01 +47 £ 1 100
NE-4 14000 10 3.2 £ 0.5 107 + 2 0.24 £ 0.02 +55+5 100
NE-5 (n = 2) 14000 5 3.4+0.1% 81 +1 0.26 + 0.01 +49 +1 100
NC-1 (n=2) 14000 15 2.9+0.8 73 £1 0.09 + 0.02 +0.3+1 100
NC-4 (n=2) 14000 10 4+1.1 84+ 11 0.20 £ 0.02 -25+1 100
NC-5 (n=2) 14000 10 3.8+0.9 832 0.19 £ 0.01 -44 +2 100
MNC-1 14000 10 3.4+0.1 95+2 0.13 £ 0.02 +66 + 4 100

Final concentrations of siRNA were determined by RiboGreen assay or UPLC analysis (indicated as *).
Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: EE: encapsulation efficiency. MNC: multi-layer nanocapsule. NC: nanocapsule NE:
nanoemulsion. PDI: polydispersity index. Values represent the mean + standard deviation (n > 3, unless no
standard deviation is reported, or indicated otherwise).
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Figure 6. Encapsulation efficiency of selected NE-siRNA and NC-siRNA after concentration using centrifugal
filters. Samples were treated with Triton X or heparin for nanosystem disruption or siRNA displacement,

respectively

Abbreviations: MNC: multi-layer nanocapsule. NC: nanocapsule. NE: nanoemulsion. Triton X: Triton-X-100.

Table 5. Physicochemical properties of selected nanosystems after the scale-up of formulation and
concentration processes

Nanosystem Process [siIRNA]final Particle PDI (-Potential EE
(mg/mL) diameter (nm) (mV) (%)

NE-2 Formulation 61+5 0.22+0.2 +49 + 5
Concentration 3.8+0.3 69 +2 0.25 + 0.01 +59 + 2 100
5000 g | 20 min

NE-3 Formulation 68 + 3 0.25 + 0.01 +46 + 5

NE-2-RVG Formulation 57 +3 0.25 + 0.01 +54 + 8
Concentration 3.6 £ 0.1 64 +3 0.26 + 0.01 +58 + 4 100
5000 g | 20 min

NC-1 Formulation 68 +2 0.15+£0.03 +2+8

(n=2) Concentration 3+0.1 71+2 0.13 + 0.01 +4 +13 100
7000 g | 15 min

NC-5 Formulation 65 + 0.22 + 0.01 -46 + 4
Concentration 4.6 + 0.5 70 + 0.21 £ 0.01 -52+3 100

5000 g | 20 min

Final concentration of siRNA and encapsulation efficiency were determined by UPLC analysis. Abbreviations: EE:
encapsulation efficiency. NC: nanocapsule NE: nanoemulsion. PDI: polydispersity index. RVG: rabies virus
glycoprotein. Values represent the mean + standard deviation (n > 3, unless indicated otherwise).
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The physicochemical characteristics of the concentrated carriers remained unmodified after
concentration. The agarose gel exhibited complete entrapment of siRNA in all the nanocarriers
prepared, as disclosed in Figure 6. Moreover, total release was achieved after treatment with
Triton X; while heparin displacement, similar to the non-concentrated nanosystems, was only
accomplished on formulations containing Labrafac™ as the oily core. The difference may be
attributed to their surface properties and the presence of certain surfactants and polymeric
coatings. Some nanocarriers, such as NC-2, could not be concentrated, due to aggregation and
poor encapsulation efficiency after the concentration process.

Considering that the ultimate goal of these formulations was their administration into an
animal model, a scale-up from the original batch (1.2 mL) to a more suitable size was
performed. Thus, the scale-up of the formulations and concentration processes was assessed.
The formulation of NE-siRNA was performed on a microfluidic system, adjusting the process
to reach a final volume of 12 mL. Both scaled-up NE-siRNA and NC-siRNA nanocarriers were
concentrated on a larger scale, using Amicon® Ultra-15 Centrifugal Filters Ultracel® -100K
(Merck Millipore, MA, USA), resulting in greater final volumes (2 mL) and similar final SIRNA
concentrations. As reported in Table 5, physicochemical properties after the scale-up process
were similar to those prepared on a smaller scale, successfully validating the method.

Table 6. Physicochemical properties of NE-siRNA and NC-siRNA nanosystems after 1 month at 4 °C, before
and after concentration

Nanosystem Particle PDI C-Potential EE (%)
diameter (nm) (mV)

NE-1 102 + 16 0.19 £ 0.04 +49 + 2 100

NE-1 concentrated 107 + 9 0.19 £ 0.03 +53 +3

NE-2 79+9 0.19 £ 0.02 +55+ 8 100

NE-2 concentrated 806 0.23 £ 0.02 +54 + 3

NE-3 98 + 8 0.27 £ 0.08 +60 + 4 100

NE-3 concentrated 104 + 4 0.27 £ 0.03 +51 £ 1

NE-4 115+ 6 0.15 £ 0.01 +49 + 4 100

NE-4 concentrated (n = 2) 116 £ 5 0.21 £ 0.02 +54 +5

NE-5 (n = 1) 73 0.22 +43 100

NE-5 concentrated (n = 2) 86 + 1 0.3 £0.01 +54 + 1

NE-2-RVG (n = 2) 131 £1 0.19 £ 0.02 +59 + 1

NC-1 76 + 6 0.16 + 0.04 -6+1 100

NC-1 concentrated (n = 2) 77 £1 0.15 +0.01 31

NC-2 90 +7 0.14 + 0.04 -31+5 100

NC-3 (n=1) 122 0.21 -49 100

NC-4 86 + 12 0.29 + 0.09 -27 +3 100

NC-4 concentrated (n = 2) 92+ 8 0.22 + 0.04 -25 £ 1

NC-5 81+8 0.23 + 0.01 -45 + 4 100

NC-5 concentrated (n = 2) 90+5 0.26 + 0.06 -47 £ 1

MNC-1 110 + 21 0.17 £ 0.02 +37+8 100

MNC-1 concentrated 100 + 2 0.13 + 0.02 +57 + 6

Final concentrations of siRNA were determined by RiboGreen assay or UPLC analysis (*). Encapsulation efficiency
was measured by agarose gel. Abbreviations: EE: encapsulation efficiency. MNC: multi-layer nanocapsule. NC:
nanocapsule NE: nanoemulsion. PDI: polydispersity index. RVG: rabies virus glycoprotein. Values represent the
mean + standard deviation (n > 3, unless indicated otherwise).
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The stability of the nanoformulations was assessed after their storage at 4 °C for one month,
both before and after their concentration, as reported in Table 6. The results showed that all
NE-siRNA and NC-siRNA explored were stable, with differences in particle diameter size
smaller than 20%. According to Figure 7, all siRNA remained associated to the different
nanocarriers, and the release patterns were similar to those found on freshly prepared NEs.
Therefore, it can be concluded that the developed nanocarriers are highly stable at 4 °C for at
least one month.
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Figure 7. Encapsulation efficiency of NE-siRNA and NC-siRNA nanosystems after 1 month at 4 °C, before
and after concentration. Samples were treated with Triton X or heparin for nanosystem disruption or
siRNA displacement, respectively

Abbreviations: MNC: multi-layer nanocapsule. NC: nanocapsule. NE: nanoemulsion. Triton X: Triton-X-100.

3.4. PRELIMINARY IN VITRO EVALUATION OF NANOCARRIERS

Selected NEs and NCs were evaluated in different in vitro studies intended to assess the
transfection potency, cytotoxicity, and barrier-crossing abilities of selected NEs and NCs (Table
7). In all cases, in vitro studies were performed using siRNA-1.
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Table 7. Summary of the nanocarriers used for in vitro evaluation

Nanosystem Composition Barrier crossing  Transfection efficiency
capacity and cytotoxicity

NE-1 DOTAP: Vit E: K-HS15® v

NE-2 DOTAP: Vit E: Tween 80 v

NE-2-RVG DOTAP: Vit E: Tween 80: DSPE-PEG000-RVG v

NE-3 DOTAP: Lab™: Tween 80 v

NC-1 DOTAP: Vit E: Tween 80 + PEG-PGA v v

NC-2 DOTAP: Vit E: Tween 80 + HA v v

NE-3 DOTAP: Vit E: Tween 80 + PSA v

NE-4 DOTPA: Lab™: Tween 80 + HA v v

NC-5 DOTAP: Lab™: Tween 80 + PSA v v

Abbreviations: DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. HA: hyaluronic acid (40 kDa). K-HS15®:
Kolliphor® HS15. Lab™: Labrafac™ Lipophile, WL 1349. NC: nanocapsule NE: nanoemulsion. PEG-PGA: PEG (5
kDa)-b-PGA (10) (Na). PSA: polysialic acid (30 kDa). RVG: rabies virus glycoprotein. Vit E: D, L-a-tocopherol.

3.4.1. Evaluation of the capacity of nanocarriers to cross an in vitro epithelium model

We conducted a study to investigate the interaction and toxicity of selected nanocarriers
using the EpiAirway™ model. EpiAirway™ is a 3-dimensional model of highly differentiated
primary human tracheal and bronchial epithelial cells, which exhibit uniform thickness and in
vivo-like barrier properties. The selection of the nanocarriers was based on their differences in
composition and physicochemical properties, and the aim was to compare their capacity to cross
this barrier. The transendothelial electrical resistance (TEER) was used as a quantitative
technique to assess the integrity and permeability of tight junctions in this co-culture model of
endothelial and epithelial cells. TEER involves measuring electrical resistance across a cellular
monolayer, indicating its integrity [81,82].

Four NEs (NE-1, NE-2, NE-2-RVG, and NE-3) and four NCs (NC-1, NC-2, NC-4, and
NC-5) were incubated in the in vitro epithelium model, and their TEER values were measured
at two different time points (Figure 8, top). Controls used included Triton X (as a positive
control, or PC), untreated conditions (UT), PBS (or vehicle control, VC), and LY-06-D (an
internal control provided by Eli Lilly). PC and LY-06D resulted in a complete loss of barrier
integrity at both time points analyzed, with no recovery after 24 hours. In contrast, PBS (VC)
exhibited reduced TEER values after 4 hours, followed by full recovery after 24 hours,
indicating a temporary loosening of tight junctions.

As depicted in Figure 8, both NEs and NCs displayed a similar TEER profile, which closely
resembled that of PBS (VVC). This profile involved a temporary loss of barrier integrity followed
by a complete recovery. In all cases, TEER values of the nanocarriers exceeded those of the UT
condition, suggesting an overgrowth of the cells in the in vitro model. However, there were
some subtle trends observed among the different nanocarriers. Overall, NEs exhibited slightly
lower TEER values than NCs, possibly due to their positive surface charge, which may
influence their interaction with the negatively charged endothelial surface [83]. Furthermore,
the type of polymer shell also appeared to influence the TEER values. Specifically, formulation
NC-5, which contained PSA as a polymer shell, exhibited the highest reduction in TEER.
Nevertheless, these findings should be interpreted with caution, as no significant differences
were found after statistical analysis.
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Figure 8. TEER measurement of different NEs and NCs, on a full-thickness epithelium in vitro model (top),
and their cellular viability at different time points (bottom)

Abbreviations: LY-06D: positive control (internal control from Eli Lilly & Company). NC: nanocapsule. NE:
nanoemulsion. PC: positive control. RVG: rabies virus glycoprotein. TEER: transendothelial electrical resistance.
TX: Triton X. UT: untreated. VC: vehicle control (PBS). Values represent the mean + standard deviation (n > 3).

Cellular cytotoxicity was also assessed at different time points (Figure 8, bottom). Both
positive controls (PC and LY-06D) displayed time-dependent cytotoxicity; while none of the
nanoformulations tested induced any cellular toxicity at any of the time points evaluated. This
supports the hypothesis of a temporal loosening on the cellular barrier model, unrelated to
cytotoxicity, and which recovers over time.

Samples collected at different time points were treated to disrupt the nanocarriers and
release the siRNA cargo. Subsequently, hELISA was performed to determine the permeability
coefficient (Supplementary Figure 3, top) and the percentage of nanocarrier permeated
(Supplementary Figure 3, bottom). Notably, significant differences were observed compared to
the internal LY-06D positive control, as none of the nanocarriers showed significant permeation
across the model barrier.
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3.4.2. Silencing efficacy and cytotoxicity assessment

The in vitro behavior of the NC prototypes was assessed in a neuroblastoma cell model
(BE(2)-C cells) in a dose-dependent manner, with concentrations ranging from 100 to 10 nM
(Figure 9). Both silencing efficacy and cytotoxicity responses were compared to those of free
siRNA and two positive controls (PC). PC (LNP) corresponds to a classical LNP used for the
delivery of partisiran [84,85]; whereas PC (LP) corresponds with Lipofectamine. PC (LNP)
was tested at different concentrations, ranging from 100 to 0.1 nM; whereas PC (LP) contained
a final siRNA concentration of 10 mM.
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Figure 9. Cytotoxicity (top) and quantitative real-time PCR of the silencing effect of siRNA-1 (bottom),
after the administration of NC-1, NC-2, NC-3, NC-4, and NC-5 in BE(2)-C cells. The comparison was made
with free siRNA-1 (siRNA-1), an optimized LNP formulation (PC (LNP)), and Lipofectamine (PC (LP))

Abbreviations: LNP: lipid nanoparticle. LP: Lipofectamine. NC: nanocapsule. PC: positive control. A significant
comparison was performed using two-way ANOVA followed by Tukey’s multiple comparison tests of each
formulation at the different concentrations tested. p-values < 0.0001 were considered statistically significant
(****). Values represent the mean + standard deviation (n > 3).
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None of the explored NC formulations exhibited significant cellular toxicity at the tested
concentration, similar to the results obtained with free siRNA and both positive controls (Figure
9, top). Small differences among the formulations were found in terms of silencing efficiency
(Figure 9, bottom). All of them exhibited a significant dose-dependent silencing effect, with
over a 50% reduction at a concentration of 100 nM. Interestingly, no significant differences
were found among the NCs containing Vitamin E and low amounts of Tween 80 (NC-1, NC-2,
and NC-3), compared to PC (LNP) at the different concentrations tested. This indicates that
these formulations were able to transfect the neuron cellular model as efficiently as the current
gold standard in terms of RNA delivery (Supplementary Figure 4).

In contrast, formulations containing Labrafac™ and a high amount of Tween 80 (NC-4 and
NC-5) resulted in significantly reduced transfection efficiency compared to PC (LNP). These
findings suggest that the choice of the oil and the amount of surfactant present on the NE
significantly influence cellular uptake. Moreover, considering that NCs with the same coating
(such as NC-2 and NC-4, both coated with HA) resulted in different gene silencing effects, it
becomes clear that the in vitro transfection ability of these NCs is primarily determined by the
core itself rather than the coating shell. Overall, this behavior further supports our initial
hypothesis that the core of the nanocarriers plays a fundamental role in the overall performance
of the delivery system.

3.5. NOSE-TO-BRAIN DELIVERY OF NANOCARRIERS

Selected nanocarriers (NE-2, NE-2-RVG, and NC-5), containing siRNA-1, were
administered intranasally to assess their capacity to reach different brain areas (Figure 10). In
all cases, the internal positive control LY-06D was included.

Most studies reporting N-to-B delivery of RNA focus on analyzing responses rather than
assessing the biodistribution of the NPs in the brain [49,51,54,80]. The few authors who
examine brain distribution simply rely on fluorescence analysis or quantitative evaluation of
the entire brain [47,48,80,86]. In our study, we determined the distribution of sSiRNA-1 in the
nasal epithelium, olfactory bulb, trigeminal nerve, and frontal cortex to understand the
pathways followed by the nanocarriers when they access the brain.

After intranasal administration, a clear accumulation was observed in the nasal epithelium
(Figure 10, top left), with higher levels seen for the NCs, compared to the positive control. This
improved interaction with the olfactory epithelium might increase the possibility of accessing
the brain through both the olfactory and the trigeminal nerve routes. Regarding the olfactory
nerve route, both NE-2-RVG and NC-5 showed greater presence in the olfactory bulb compared
to the positive control (Figure 10, top right). Additionally, some minor accumulation was
observed in the trigeminal nerve (Figure 10, bottom left) and frontal cortex (Figure 10, bottom
right). However, these results should be interpreted cautiously due to the high experimental
variability.

On the other hand, despite the similar accumulation observed in the nasal epithelium for
both NE-2 and NE-2-RVG, only NE-2-RVG was capable of reaching the olfactory bulb. This
result suggests that the NEs are unable to access the olfactory bulb on their own, without the
assistance of a targeting ligand. One possible explanation could be the electrostatic interaction
between the positive charge of the NE and the negative charge of the nasal cavity mucus, which
hinders NEs movement. Consequently, targeting ligands (as in NE-2-RVG) or negative surface
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charges (as in NC-5) resulted in a greater enhancement of the delivery to the olfactory bulb.
Despite the limited transport, significant entrapment of the nasal epithelium was observed for

all three nanocarriers tested.
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Figure 10. Mean percentage injected dose of siRNA-1 per gram (%ID/g) in different nasal and brain regions,
including nasal epithelium (top, left), olfactory bulb (top, right), trigeminal nerve (bottom, left), and
frontal cortex (bottom, right)

Abbreviations: LY-06D: internal positive control. NC: nanocapsule. NE: nanoemulsion. RVG: rabies virus

glycoprotein. Values represent the mean + standard deviation (n > 3).

3.6. INTRACEREBROVENTRICULAR DELIVERY OF NANOCARRIERS

Based on the adequate physicochemical properties of NC-1 (particle size of 73 nm, neutral
surface charge) and the promising results obtained in our group with neutral, PEGylated
nanocarriers for RNA delivery in the brain [56], NC-1 was selected as our most promising
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candidate for efficient sSiRNA delivery and diffusivity in the brain. NC-1 was administered
directly to the brain via ICV injection. After 14 days, animals were sacrificed, and their brains
were collected and processed. Levels of targeted mRNA were determined to assess the silencing
effectiveness of siRNA-2. Additionally, different brain areas were studied to determine the
diffusion capacity of NC-1.

As shown in Figure 11, NC-1 containing siRNA-2 successfully reduced the levels of
targeted mMRNA in the frontal cortex, striatum, hippocampus, and brain stem, as compared with
the free sSiRNA-2 group. The comparison was also made with an internal positive control (PC),
which contained siRNA-2 at a slightly higher concentration than NC-1 (3 mg/mL and 2 mg/mL,
respectively). A similar knockdown effect was observed for the PC and NC-1, both compared
with the free sSIRNA-2 group. More details about the specific behavior of NC-1 and all the
controls used in each specific tissue can be found in Supplementary Figure 5. Overall, the
performance of NC-1 resulted in a reduction of targeted mRNA levels of over 50% in all the
brain areas analyzed. The highest silencing effect was found in the areas surrounding the
injection site, particularly in the striatum (80% silencing effect) and hippocampus (73%
silencing effect). Moreover, considerably distant areas also reported outstanding silencing
values, such as in the frontal cortex (70% silencing effect), brain stem (67% silencing effect),
and the DRGs (50% silencing effect).
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Figure 11. Quantitative qPCR of levels of targeted mRNA upon ICV administration of NC-1 encapsulating
siRNA-2, in different brain areas, including the frontal cortex, striatum, hippocampus, brain stem, and
dorsal root ganglion. Results were normalized using a housekeeping gene

Abbreviations: NC: nanocapsule. PC: internal positive control. VC: vehicle control (PBS). A significant comparison
was performed using an ordinary one-way ANOVA followed by Tukey’s multiple comparison tests of PC and NC-1
vs. siRNA-2. p-values < 0.05 were considered statistically significant (*). Also, (**) if p-value < 0.01, (***) if p-
value < 0.001. Values represent the mean + standard deviation (n > 3).

These results are especially promising when considering previous reports in the literature.
Similar knockdown effects were previously reported using LNPs for the treatment of
glioblastoma, leading to an 80% reduction of the targeted mRNA in the tumor after intratumoral
administration [87]. Other authors used LNPs for ICV administration, resulting in a target
MRNA reduction of 50% in the striatum and 56% in the hippocampus [66]. However, none of
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these studies analyzed the mRNA levels in areas other than the injection site and their
immediate surrounding areas. To our knowledge, this is the first time that extensive silencing
effects across the entire brain have been reported, demonstrating the diffusivity and silencing
potential of a nanocarrier.

Moreover, the observation of siRNA-2 diffusion and distribution in the brain was
confirmed by RNAscope (Figure 12). The whole-brain examination (Figure 12, top left)
indicated that sSiRNA-2 was present in almost all regions of the brain. Interestingly, the diffusion
observed across the brain for NC-1 outreaches the current gold standard for RNA delivery,
LNPs, which have been reported to poorly diffuse (up to 4 mm) from the administration site
[66]. A close-up observation of different brain areas highlighted the degree of diffusion
achieved, as seen in the frontal cortex (Figure 12, top right), the striatum (Figure 12, bottom
left), and the brain stem (Figure 12, bottom right). More images and close-up observations of
the frontal cortex can be found in Supplementary Figure 6). Greater diffusion was observed in
areas close to the administration site, such as the striatum and frontal cortex; interestingly, this
observation correlates with the results obtained by PCR analysis (Figure 11).

Figure 12. Detection of siRNA-2 in the brain after ICV administration of NC-1. Images were obtained for the
complete brain (top, left), and close-up of the frontal cortex (top, right), the hippocampus (bottom, left),
and the brain stem (bottom, right)

This finding suggests that not only does NC-1 diffuse to these areas, but it also enhances
the transfection efficiency and silencing effect of siRNA-2. Considering these results, we
hypothesize that the diffusion observed by NC-1 is mainly due to the combined effect of the
small particle size of the nanocarrier, its hydrophilic surface, and the flexibility conferred by
the oily core. Overall, the results of this functional biodistribution study indicate not only the
ability of NC-1 to diffuse to different brain areas but also its potency in terms of silencing the
targeted mRNA.
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4. CONCLUSIONS

In the present study, we designed and developed a library of multiple NE-siRNA and NC-
siRNA nanocarriers, with a particle size smaller than 100 nm in diameter, a range of surface
charges, capability for reproducible and scalable production, high siRNA encapsulation
efficiency, and adequate stability at 4 °C. Furthermore, one of the NE-siRNA produced, NE-2-
SIRNA, served as a model NE for the functionalization with a brain penetration enhancer, RVG.
The in vitro evaluation of these nanocarriers in a human glioblastoma cell model demonstrated
a remarkable transfection profile at non-toxic concentration.

Moving forward to N-to-B administration, specific formulations (namely, NE-2, NE-2-
RVG, and NC-5) exhibited greater accumulation within the nasal cavity compared to the
internal positive control. Meanwhile, upon ICV administration, it was observed the exceptional
diffusivity of NC-1. This nanocarrier showcased the ability to access multiple brain areas
(including the frontal cortex, striatum, hippocampus, brain stem, and DRG), where it achieved
a substantial reduction in mRNA target levels, lowering them below the 50% threshold.

Collectively, we have developed a highly promising nanocarrier for efficient siRNA
diffusion and transfection within the brain. This finding holds significant potential for the
treatment of different CNS conditions, contributing to advancement in the field of RNA-based
therapeutics.
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5. SUPPLEMENTARY INFORMATION

Supplementary Table 1. Physicochemical properties of nanoemulsions, screening different oils and
surfactants in combination with DOTAP

Nanoemulsion core Particle PDI (-Potential
diameter (nm) (mV)
DOTAP | Vitamin E K-HS15® 75 0.26 +77
Tween 80 76 0.27 +51
SPAN 80 145 0.13 +66
DSPC 180 0.34 +54
DOTAP | Castor oil K-HS15® 157 0.15
Tween 80 166 0.16
SPAN 80 186 0.20
DSPC 141 0.16
DOTAP | Oleic acid K-HS15® 174 0.58
Tween 80 180 0.51
SPAN 80 175 0.49
DSPC 150 0.27
DOTAP | Labrafac™ K-HS15® 114 0.12 +62
Tween 80 116 0.11 +66
SPAN 80 162 0.12
DSPC 130 0.08 +65
Abbreviations: DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. DSPC: 14,2-stearoyl-sn-glycerol-3-

phosphocholine. K-HS15®: Kolliphor® HS15. Labrafac™: Labrafac™ Lipophile, WL 1349. SPAN 80: Span 80-LQ-

(MV). Vitamin E: D, L-a-tocopherol. (n = 1).

Supplementary Table 2. Physicochemical properties of nanoemulsions before and after the evaporation
under vacuum process

Nanoemulsion Evaporation Particle diameter (nm) PDI (-Potential (mV)
DOTAP | Vitamin E | K-HS15® Before 86 0.23 +66
After 62 0.25 -67
DOTAP | Vitamin E | Tween 80 Before 75 0.19
After 53 0.3 +67
DOTAP | Labrafac™ | K-HS15® Before 136 0.19 +71
After 138 0.13 +71
DOTAP | Labrafac™ | Tween 80 Before 150 0.14 +66
After 125 0.14 +70

Abbreviations: DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. K-HS15®: Kolliphor® HS15. Labrafac™:
Labrafac™ Lipophile, WL 1349. PDI: polydispersity index. Vitamin E: D, L-a-tocopherol. (n = 1).
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Supplementary Table 3. Physicochemical properties of nanoemulsions after complexation with different
siRNA concentrations

Nanoemulsion [siRNA]final Particle diameter (nm) PDI (-Potential
(mg/mL) (mV)
DOTAP | Vitamin E | K-HS15® 0.25 57 0.37 +62
0.5 158 0.08  +47
0.75 153 0.08  +50
1 172 0.13 +51
DOTAP | Vitamin E | Tween 80 0.25 58 0.41 +50
0.5 156 0.06 +46
0.75 154 0.09  +47
1 167 0.09  +47
DOTAP | Labrafac™ | K-HS15® 0.25 124 0.19 +62
0.5 182 0.18  +45
0.75 189 0.25 +46
DOTAP | Labrafac™ | Tween 80 0.25 136 0.19
0.5 231 0.27 +36
0.75 245 0.39  +40

Abbreviations: DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. K-HS15®: Kolliphor® HS15. Labrafac™:
Labrafac™ Lipophile, WL 1349. PDI: polydispersity index. Vitamin E: D, L-a-tocopherol. (n = 1).
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Supplementary Figure 1. Encapsulation efficiency of siRNA onto nanoemulsions containing Vitamin E and K-
HS15® or Tween 80, upon bulk mixing. Samples were treated with Triton X or heparin for nanoemulsion
disruption or siRNA displacement, respectively. Different siRNA final concentrations were explored

Abbreviations: K-HS15®: Kolliphor® HS15. Labrafac™: Labrafac™ Lipophile, WL 1349. Triton X: Triton-X-100.

Vitamin E: D, L-a-tocopherol.

Supplementary Table 4. Physicochemical properties of nanoemulsion containing Vitamin E and K-HS15®
after complexation with siRNA by bulk and microfluidic mixing, at different total flow rates

Type of method for siRNA complexation Particle diameter (nm) PDI (-Potential (mV)
Bulk mixing 76 0.24 +69
Microfluidic mixing - TFR = 12 mL/min 120 0.16 +52
Microfluidic mixing - TFR = 14 mL/min 103 0.14 +47

Abbreviations: PDI: polydispersity index. TFR: total flow rate. (n = 1).
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Supplementary Figure 2. Encapsulation efficiency of siRNA onto nanoemulsions containing Vitamin E and K-
HS15%, prepared by microfluidic mixing of blank nanoemulsions and the siRNA solution at different total
flow rates

Abbreviations: TFR: total flow rate.

Supplementary Table 5. Physicochemical properties of NE-3 (DOTAP: Labrafac™: Tween 80) at different
molar ratios, total flow rates, and siRNA final concentrations

Molar ratio (%) TFR [siRNA]final Particle PDI (-Potential EE
(mL/min) (mg/mL) diameter (nm) (mV) (%)
16.8:81.4:1.8 10 0.75 146 + 17 0.34+ 0.1 +50 + 4
12 0.75 198 0.40 +40
0.5 127 0.35
46:35.5:18.5 12 0.5 123 0.20 +21
14 0.5 111+4 0.24 + 0.01 +45 + 1 100
25:56.5:18.5 12 0.75 121 0.25 +29
14 0.5 99 +13 0.26 + 0.04 +33+1 100
0.75 97 + 6 0.21 £ 0.02 +36 2 100

Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: EE: encapsulation efficiency. PDI: polydispersity index. Values represent the mean
+ standard deviation (n = 2, unless no standard deviation is reported).

Supplementary Table 6. Physicochemical properties of siRNA-NE containing DOTAP: Labrafac™: K-HS15°,
at different molar ratios, total flow rates, and siRNA final concentrations

Molar ratio (%) TFR [siRNA]final Particle PDI (-Potential EE
(mL/min) (mg/mL) diameter (nm) (mV) (%)
16:77.5:6.5 10 0.75 110 £ 16 0.25 +0.03 +49 + 1 100
12 0.75 142 + 53 0.23 +0.02 +50 + 1
0.5 119 0.3 +50
0.4 175 0.26 +43
14 0.75 89 0.33 +53
46:35.5:18.5 12 0.5 87 0.50 +51
25:56.5:18.5 12 0.5 197 0.21 +40

Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: EE: encapsulation efficiency. PDI: polydispersity index. Values represent the mean
+ standard deviation (n = 2, unless no standard deviation is reported).
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Supplementary Table 7. Physicochemical properties of NC-1, NC-2, NC-3, NC-4, NC-5 and MNC-1, exploring
different ratios between siRNA and polymers

NC Ratio siRNA: polymer Particle diameter (nm) PDI (-Potential (mV) EE (%)
NC-1 1:2 mol/mol 752 0.14 £ 0.02 +1+2 100
1:4 mol/mol 74 0.18 -15 100
1:8 mol/mol 92 0.25 -18 100
NC-2 1:2 mol/mol > 1 pum 0.09 + 0.01 -4+12 100
1:4 mol/mol 88 +4 0.15 £ 0.02 -27 +3 100
1:8 mol/mol 91 +4 0.14 £ 0.01 -32 1 100
NC-3 1:2w/w 113 0.11 -49 100
1:4w/w 107 0.12 -52 100
1:8 w/w 108 0.10 -56 100
NC-4 1:2 mol/mol 77 0.25 -23 100
1:4 mol/mol 88 + 15 0.22 + 0.01 -28+2 100
1:8 mol/mol 89 0.23 -31 100
NC-5 1:2w/w 81 0.28 -44 100
1:4w/w 89+8 0.22 + 0.02 42 +3 100
1:8 w/w 79 0.20 -44 100
MNC-1 1:3.8 w/w 94 + 1 0.19 + 0.01 +47 + 2 100
1:7.7 wiw 140 0.22 +59
1: 15.4 w/w 147 0.23 +58

Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: MNC: multi-layer nanocapsule. mol/mol: mol to mol ratio. NC: nanocapsule. EE:
encapsulation efficiency. PDI: polydispersity index. w/w: weight-to-weight ratio. Values represent the mean =
standard deviation (n = 2, unless no standard deviation is reported).

151



MIREYA LOPEZ BORRAJO

5x10-6

4x10-6

3x10-6 [h
- 2x10-6 - == 5 min
E 1x106 [L == 60 min
E 1x10-7 = — 120 min
) s
= — 240 min

5x10-8 n

0 Onm

100+

754

50

HH

25+

% permeated

0.1+ —_

ol | o e

[ [ [ [ [ [

& N X O b N M )2
~ ¥ ¥ ,L?g YV ¢ ¢ ¢ Y
&

[

o

&
N

Supplementary Figure 3. Permeation coefficient (top) and percentage of nanocarrier permeated for
different NEs and NCs

Abbreviations: LY-06D: positive control (internal control from Eli Lilly & Company). NC: nanocapsule. NE:

nanoemulsion. RVG: rabies virus glycoprotein. UT: untreated. Values represent the mean + standard deviation (n
> 3).
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Supplementary Figure 4. Quantitative real-time PCR of the silencing effect of siRNA-1, after the
administration of NC-1, NC-2, NC-3, NC-4, and NC-5 in BE(2)-C cells. The comparison was made with an
optimized LNP formulation (PC (LNP))

Abbreviations: LNP: lipid nanoparticle. NC: nanocapsule. PC: positive control. A significant comparison was
performed using two-way ANOVA followed by Tukey’s multiple comparison tests of each formulation at the
different concentrations tested vs PC (LNP). p-values < 0.0001 were considered statistically significant (****).
Values represent the mean + standard deviation (n > 3).
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Supplementary Figure 5. Quantitative qPCR of levels of targeted mRNA upon ICV administration of NC-1
encapsulating siRNA-2, in different brain areas, including the frontal cortex (top, left), striatum (top,
middle), hippocampus (top, right), brain stem (bottom, left), and dorsal root ganglion (bottom, middle)

Abbreviations: DRG: dorsal root ganglion. NC: nanocapsule. PC: internal positive control. VC: vehicle control
(PBS). A significant comparison was performed using one-way ANOVA followed by Tukey’s multiple comparison
tests between groups. p-values < 0.05 were considered statistically significant (*). Also, (**) if p-value < 0.01,
(***) if p-value < 0.001, (****) if p-value < 0.0001, and ns if p-value > 0.05. Values represent the mean + standard
deviation (n 2 3).
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Supplementary Figure 6. Detection of siRNA-2 in the brain after ICV administration of NC-1. Images were
obtained for the complete brain (left), and a close-up of the frontal cortex (right)
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Chapter 3: Nanoemulsions and polymeric nanocapsules as SARS-
CoV-2 vaccines

This work has been done in collaboration with the National Center of Biotechnology, Spanish
National Research Council (CNB-CSIC) (Madrid, Spain), the BioFarma Research Group,
Center for Research in Molecular Medicine and Chronic Diseases (CiMUS), University of
Santiago de Compostela (Santiago de Compostela, Spain), the Laboratory for Molecular and
Cellular Therapy, Vrije University Brussel (Brussel, Belgium), the August Pi i Sunyer
Biomedical Research Institute (IDIBAPS) (Barcelona, Spain), the Barcelona Supercomputing
Center (Barcelona, Spain), the Department of Medicine and Life Sciences, Faculty of Health
and Life Sciences, University Pompeu Fabra (Barcelona, Spain), the Institute for Research in
Biomedicine (Barcelona, Spain), and the Hospital Clinic of Barcelona (Barcelona, Spain).

ABSTRACT

The global coronavirus disease 2019 (COVID-19) emergency resulted in worldwide efforts to
develop vaccines for protection against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Our contribution to this international effort has involved the development of a
diverse library of nanocarriers, including nanoemulsions (NEs) and nanocapsules (NCs), with
the primary objective of protecting and delivering messenger ribonucleic acid (MRNA)
vaccines derived from SARS-CoV-2.

Through in vitro and in vivo experiments using model mRNAs, a promising nanocarrier
candidate was successfully identified, capable of transfecting various mRNA reporters while
eliciting moderate immune responses. This candidate consisted of dextran sulfate NC with a
specific core composition (NC-4-DX). The results of the in vivo evaluation of NC-4-DX loaded
with SARS-CoV-2 derived mMRNAs, either as single mRNA or in combination with different
mRNAs, indicated a significant increase in the levels of cytokines secreted by CD8* T immune
cells. These findings highlight the potential of polymeric NCs in advancing mRNA vaccine
development for combating infectious diseases.
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1. INTRODUCTION

On March 11, 2020, the World Health Organization (WHO) declared the coronavirus disease
2019 (COVID-19) outbreak as a global pandemic [1]. COVID-19 is caused by the highly
contagious, pathogenic, and mutagenic severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), resulting in over 760 million confirmed cases, and nearly 7 million deaths
worldwide [2—4]. Intended to stop the spread of the virus, and reduce the severity of COVID-
19, research on messenger ribonucleic acid (MRNA) vaccines gained importance [5]. Notably,
the first two vaccines authorized by the European Medicines Agency (EMA) and the US Food
and Drug Administration (FDA) were mRNA vaccines from BioNTech/Pfizer and Moderna,
demonstrating over 90% protective efficacy against symptomatic SARS-CoV-2 infection in
phase Il clinical trials [6,7].

The success of mMRNA vaccines relied not only on their rapid design and development
processes, but mainly on their high-efficiency immune responses, and overall safety [8]. mMRNA
constructs can be designed within days, allowing for fast production and scaling-up processes
[9,10]. Moreover, MRNA vaccines are safer than live viruses and they do not need to access the
nucleus to depict their function, unlike deoxyribonucleic acid (DNA) vaccines [11].

In April 2020, our laboratory joined the COVARNA consortium, an ambitious team of
scientists from Spain and Belgium encompassing immunologists, pharmacologists, computer
scientists, and molecular experts. Within this consortium, different mMRNAs intended to induce
responses against the receptor binding domain (RBD) of the surface spike glycoprotein of the
SARS-CoV-2 were developed [12]. In addition, different mMRNAs intended to enhance T and B
cell responses were also produced.

Our approach consisted of taking advantage of all our knowledge of nanocarriers for
nucleic acid delivery and nanovaccines to develop a library of potential candidates for the
delivery of mRNA [13-21]. Ideally, our nanocarriers aimed not only to protect the mRNA but
also to enhance the overall immunogenic profile of the vaccine without compromising its safety.
Figure 1 represents the efforts of our laboratory to develop a vaccine against SARS-CoV-2. In
our attempt to move away from LNPs, we selected nanoemulsions (NEs) and nanocapsules
(NCs) as mRNA carriers. Within this context, different lipids, surfactants, oils, and polymers
were investigated to increase the variability of our library of nanocarriers. Around 100 different
prototypes were developed, with diverse properties and compositions.

To narrow down our candidates, we implemented a target product profile (TPP),
considering criteria such as (A) particle size below or around 200 nm; (B) uniform particle size
distribution; (C) high mRNA association capacity; (D) stability or lyophilization potential; and
(E) alignment with regulatory requirements (eg. low ethanol content, or the use of compounds
already approved). The candidates fulfilling these criteria underwent in vitro and in vivo
assessments of their transfection efficiency using model mRNAs. In vitro cytotoxicity and
transfection efficiency were evaluated in both HeLa cells and human dendritic cells; while in
vivo studies included transfection efficiency evaluation and preliminary immunity assessment.
These studies enabled us to identify a candidate for further evaluations using various SARS-
CoV-2 derived mRNAs and to determine their cellular immune responses, both individually or
in combination with different mMRNAs.
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Different NEs and NCs, containing lipids, surfactant oils, and polymers were prepared. The selection process was
based on their ability to fulfill the target product profile criteria. Out of these formulations, 15 prototypes were
selected for comprehensive studies, evaluating their transfection efficiency and immune potential in both in
vitro and in vivo settings. One particular prototype was selected for the formulation of multiple SARS-CoV-2-
derived mRNAs, and their cellular immune responses were assessed.
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2. MATERIALS AND METHODS

2.1. MATERIALS

DOTAP (1,2-dioleoyl-3-trimethylammonium propane, chloride salt) and DOPE (1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine) were purchased from Avanti Polar Lipids (AL, USA).
Vitamin E (Vit E) (D, L-o-tocopherol) and K-HS15® (Kolliphor® HS15) were obtained from
BASF (Mannheim, Germany). Tween 80 and sucrose were purchased from Merck Millipore
(Darmstadt, Germany). LAE (LAE®, ethyl lauroyl arginate HCI) was acquired from Vedegsa
(Barcelona, Spain). Benzethonium chloride (BZT) was obtained from Spectrum Chemical
MFG Corp (NJ, USA). Glycocholic acid, sodium salt (sodium glycocholate, SG) was acquired
from Dextra Laboratories Ltd (Reading, UK). Inulin (Inutec® SL1) was obtained from
CreaChem (Tienen, Belgium).

Dextran sulfate (DX) (sodium salt), DEAE-dextran hydrochloride (DEAE-DX,
diethylaminoethyl-dextran hydrochloride), and spermine were purchased from Sigma-Aldrich
SAFC® (MO, USA). Chitosan (CS) (poly (D-glucosamide) hydrochloride salt) was obtained
from HMC* (Halle, Germany). PEG-PGA (PEG (5 kDa)-b-PGA (10) [Na]) (poly(ethylene
glycol)-block-poly(l-glumatic acid sodium salt) and PArg (poly-L-arginine) were obtained
from Polypeptide Therapeutic Solutions (Valencia, Spain). Hyaluronic acid (HA, 40 kDa) was
acquired from Lehmann & Voss & Co. KG (Hamburg, Germany). Protamine (PRT) (Protamine
Sulphate EP) was purchased from Yuki Gosei Kogyo Co. Ltd (Tokyo, Japan).

Transfer Ribonucleic acid (tRNA) from baker’s yeast (S. cerevisiae) was purchased from
Sigma-Aldrich (MO, USA). Three model mRNAs were used for the evaluation of the
nanocarriers to evaluate their transfection and immunogenic capabilities: mMRNA encoding
green fluorescence protein (MGFP) (CleanCap EGFP mRNA, TriLink Biotechnologies, CA,
USA), mRNA encoding luciferase (mLuc), and mRNA encoding ovalbumin protein (MOVA).

Four different MRNA immunogens against SARS-CoV-2 were designed and provided for
this project: mMRNA intended to trigger a T cell response (SARS-CoV-2-T cells MRNA or mT),
MRNA intended to trigger a B cell response (SARS-CoV-2-B cells mRNA or mB), mRNA
encoding for RBD domain of the virus (SARS-CoV-2-RBD mRNA or mRBD) and mRNA
encoding a highly immunogenic motif from the RBD domain (SARS-CoV-2-RBDepi MRNA or
MRBDepi). All these mRNA constructs were synthesized by Prof. Thielemans’s Lab (Vrije
Universiteit Brussels, Brussels, Belgium).

2.2. PRODUCTION OF NANOEMULSIONS AND NANOCAPSULES

Two different approaches were used for the preparation of nanoemulsions (NEs): bulk
production of blank NEs followed by the electrostatic adsorption of mMRNA onto the surface in
a second step; or microfluidic production of NEs in the presence of mRNA, in a single process
using a microfluidic mixer system. The preparation of nanocapsules (NCs) consisted of a
separate procedure, comprising the polymeric coating of pre-formed NE-mRNA.
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2.2.1. Preparation of mRNA-nanoemulsions by bulk process
2.2.1.1. Preparation of blank nanoemulsions

The preparation method for blank NEs consisted of a solvent-displacement technique [22].
Briefly, an organic phase was prepared by dissolving different lipids (including DOTAP,
DOPE, Vitamin E, or Tween 80) in ethanol. The resulting organic solution (0.3 mL, containing
the concentrations described in Table 1) was added over an aqueous phase (2 mL, RNase-free
water), under magnetic stirring (1400 rpm), and further incubated under stirring for 5 minutes.
The solution was set aside for stability for 5 minutes.

Evaporation under vacuum (Heidolph Hei-VAP Advantage; Schwabach, Germany) was
used to eliminate organic solvents from blank NE-4. The eliminated volume was supplemented
with RNase-free water, aiming for a theoretical ethanol percentage lower than 10%.

Table 1. Concentration of different lipidic components of the organic phase for the preparation of blank
nanoemulsions

DOTAP (mg/mL) DOPE (mg/mL) Vitamin E (mg/mL) Tween 80 (mg/mL)
NE-1 19.2 19.4 46
NE-2 65.2 19.2 46 -
NE-3 65.2 19.2 46 19.2
NE-4 32.6 16.3 78 16.3

Abbreviations: DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine. DOTAP: 1,2-dioleoyl-3-
trimethylammonium propane. NE: nanoemulsion. Vitamin E: D, L-a-tocopherol.

2.2.1.2. Complexation of mRNA onto nanoemulsions

Complexation of mRNA onto pre-formed blank NEs was performed by bulk mixing. A
solution containing mRNA (at different concentrations, depending on the needed final MRNA
concentration) was added over the previously formed blank NE solution. Briefly, blank NE was
diluted in RNase-free water, leading to the desired DOTAP concentration depending on the
nitrogen-to-phosphate (N/P) ratio explored and the desired final MRNA concentration. Solution
containing MRNA was added over the blank NE solution, under magnetic stirring at 700 rpm
for 10 seconds. Formulations were allowed to stabilize for 30 minutes.

Different N/P ratios were explored, from 0.64:1 to 4:1, leading to different
physicochemical properties. Volume/volume (v/v) ratio used for the formation of NE-mRNA
was kept as 4:1 (MRNA solution to blank NE solution) for all N/P ratios, except for N/P ratio
4:1, in which solutions were mixed at 1.1:1 v/v ratio.

2.2.2. Preparation of mRNA-nanoemulsions by microfluidic process

Microfluidic mixing comprises the simultaneous formation of the NE and the complexation
of the mRNA onto a micromixer NanoAssmblr™ bench-top instrument, Precision NanoSystem
Inc. (Vancouver, Canada). In summary, 0.4 mL of the organic phase (consisting of DOTAP,
DOPE, Vitamin E, or Tween 80 diluted in ethanol, as described in Table 2) were mixed with 2
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mL of the aqueous phase (containing mRNA at a concentration of 0.288 mg/mL, and Tween
80 solution in the case of NE-5, diluted in RNase-free water).

Table 2. Concentration of different lipidic components of the organic phase for the preparation of mRNA-
NEs by microfluidic process

DOTAP (mg/mL) DOPE (mg/mL) Vitamin E (mg/mL) Tween 80 (mg/mL)
NE-4 16.3 8.1 39 8
NE-5 16.3 3.4 7 0.9*

(*) Tween 80 is included in the aqueous phase in this particular case. Abbreviations: DOPE: 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine. DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. NE: nanoemulsion.
Vitamin E: D, L-a-tocopherol.

The N/P ratio was kept constant at 4:1. The mixing process was performed using a v/v ratio
of 1:5 (organic to aqueous phase). The Total Flow Rate was kept at 12 mL/min.

2.2.3. Preparation of mRNA-nanocapsules

After the preparation of NE-mRNA nanosystems, NC (NC-mRNA) were produced by
adding a polymeric solution (at concentrations dependent on the weight to weight (w/w) and
the type of polymer used) over the preformed NE-mRNA carrier. In all cases, 0.2 mL of the
polymeric solution was added over 1 mL of the preformed NE-mRNA nanosystem, and the
resulting solution was kept under magnetic stirring at 700 rpm for 10 seconds. Regardless of
the polymer used, the v/v ratio was constant at 1:5 (polymer to mRNA). The resulting NC-
MRNA carriers were stabilized for 10 minutes.

2.3. CHARACTERIZATION OF NANOEMULSIONS AND NANOCAPSULES

2.3.1. Characterization of the size, polydispersity index and {-potential of nanoemulsions
and nanocapsules

Hydrodynamic diameter and polydispersity index (PDI) were characterized by dynamic
light scattering (Zetasizer® Nano ZS, Malvern Instruments, Malvern, UK). {-potential was
measured in terms of mean electrophoretic mobility values, measured by laser Doppler
electrophoresis with the same equipment.

Particle size and PDI measurements were performed after diluting the samples 10x in
RNase-free water. (-potential characterization was obtained after dilution of samples 20x in
RNase-free water.

2.3.2. Characterization of encapsulation efficiency of mRNA

Encapsulation efficiency (EE%) was determined by agarose gel electrophoresis. Both NE-
mMRNA and NC-mRNA formulations were diluted in a 1:1 (v/v) ratio with a solution of heparin
(Sigma-Aldrich, MO, USA) or Triton X (Triton-X-100, Sigma-Aldrich, MO, USA), prepared
at 50 mg/mL in RNase-free water, intended to displace the mRNA from the nanoparticle.
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Agarose gel electrophoresis allows the qualitative quantification of the amount of mMRNA
associated with the NE-mRNA and NC-mRNA carriers. For that, samples containing 1-3 pg of
MRNA were loaded in an agarose gel at 1% w/v in Tris Acetate-EDTA buffer (Sigma-Aldrich,
MO, USA) before and after incubation with heparin or Triton X solution. Samples were diluted
with equal volumes of loading mix, containing 1x SYBR® Gold nucleic acid strain (Invitrogen,
CA, USA). Free mRNA was included as a control. Gels were run for 30 minutes at 90 V in a
Sub-Cell GT cell 96/192 (Bio-Rad Laboratories, CA, USA), and evaluated with a UV
transilluminator imagining system (Molecular Imager® Gel Doc™ XR, Bio-Rad Laboratories,
CA, USA).

2.4. FREEZE-DRYING OF SELECTED NANOEMULSIONS AND NANOCAPSULES

Selected NE-mRNA and NC-mRNA formulations were frozen in the presence of
cryoprotectants (including sucrose and trehalose) at -40 °C for at least 1 hour, then freeze-dried
(Genesis™ 25 EL, S.P Industries, PA, USA). Samples were initially left freeze-dried at -65 °C
for 1 hour with a vacuum of 200 mTorr, to ensure that formulations were completely frozen.
The first drying phase was performed at a temperature ranging from -40 °C to 15 °C, under a
progressive vacuum to 20 mTorr for 20 hours. The second drying phase was done for 1 hour at
20 °C and 20 mTorr. After this process, formulations were stored at 4 °C until resuspension in
RNase-free water, and their physicochemical properties were determined as described in
section 2.3.

2.5. IN VITRO ASSESSMENT OF MRNA TRANSFECTION EFFICIENCY AND CYTOTOXICITY
2.5.1. In vitro mGFP transfection efficiency and cytotoxicity in HeLa cells

A total of 10,000 HeL a cells were seeded per well in a flat bottom 96-well plate and allowed
to adhere for 24 hours. Cells were treated with NE- and NC-mRNA GFP formulations for 4
hours, in Opti-MEM™ (Gibco™, Thermo Fisher, MA, USA) at mGFP concentrations ranging
from 200 to 25 ng per well. Nanocarriers were then removed, and replaced with a complete
medium and the cells were incubated for another 20 hours. Cell viability was measured by
resazurin assay, following manufacturer recommendations [23]. Briefly, cells were incubated
with resazurin reagent (Resazurin sodium salt, Sigma-Aldrich, MO, USA) supplemented
complete media for 45 minutes, and the resulting fluorescence was measured in a plate reader
at 544/590 nm. Cells were then trypsinized, harvested, and fixed with 1% (w/v) formaldehyde
in PBS, for flow cytometry analysis in terms of the percentage of GFP-positive cells and mean
fluorescence intensity.

In other experiments, 60,000 HeLa cells per well were seeded in 24-well plates. In
these experiments, mGFP concentrations of up to 1000 ng per well were used.

2.5.2. In vitro mRBD transfection efficiency and cytotoxicity in human dendritic cells

Human monocyte-derived dendritic cells (nMDDCs or hDCs) were obtained from
blood monocytes from healthy donors, as previously reported [24]. hDCs were harvested from
a 96-well plate (1,000,000 cells per well) and transfected with NE-mRBD and NC-mRBD
nanocarriers at concentrations ranging from 10 pg to 3 pg per well. After 3 hours, cells were
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washed, and a medium containing a maturation cocktail (IL-6, IL-1p, PGE2, and TNFa) was
added. At different time points after transfection, cells were collected and RBD expression
was analyzed by flow cytometer. Cell cytotoxicity was also evaluated using the
LIVE/DEAD™ Fixable Near IR Reagent (Invitrogen, MA, USA).

2.6. ANIMAL STUDIES

All animal studies procedures were performed in compliance with relevant laws and
institutional guidelines and the appropriate institutional committee(s) have approved them.

2.7. IN VIVO TRANSFECTION EFFICIENCY WITH MRNA MODELS
2.7.1. Intramuscular administration of nanocarriers with mLuc

BALB/c and Swiss mice (each strain used in different studies, evaluating formulations
prepared by bulk mixing process and microfluidic mixing preparation, respectively) were
administered with two intramuscular injections (one in each thigh muscle), in a single
administration session, with 10 pg of mLuc, encapsulated in different NE-mLuc and NC-mLuc.
The total volume administered was 50 pL per leg. This led to a total volume of 100 pL with a
total dose of 20 pg per animal. At different time points, including 6, 24, and 48 hours, animals
were intraperitoneally administered 100 puL of D-luciferin, and whole-body fluorescence was
visualized in an in vivo imaging system (IV1S).

2.7.2. Intramuscular administration of nanocarriers with mOVA

C57BL/6J mice were administered with a single intramuscular injection (right thigh
muscle), on two different administration sessions (day 0 and day 7), with 10 pg of mOVA
encapsulated in NC-4-DX per injection. The total volume administered was 50 uL per animal
per injection. On day 7, prior second administration, 100 uL of blood were collected for flow
cytometer analysis. On day 10, animals were euthanized, the spleen was harvested, and single-
cell suspension was generated. Splenocytes were used for ELISpot and flow cytometer analysis.

For flow cytometer analysis, blood and splenocytes samples were stained with MHC
Dextramer® staining (Immudex, Copenhague, Denmark) following manufacturer
recommendations. In the case of IFN-y ELIspot (Diaclone, Besangon, France), immunoassay
was performed following manufacturer recommendations.

2.8. IN VIVO EVALUATION OF CELLULAR IMMUNE RESPONSES WITH SARS-CoV-2 DERIVED
MRNAS

C57BL/6J mice were administered with two intramuscular injections on the thigh muscles,
on two different administration sessions (day 0 and day 21), with different doses of SARS-
CoV-2 derived mRNAs encapsulated in NC-4-DX per injection. Administration consisted of a
single mRNA or combinations of two different mRNAs, which determined if the dose
administered was 10 or 20 ug, respectively. The total volume administered was 50 pL per
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animal per injection, leading to a total volume of 100 puL. On day 36, animals were sacrificed,
and humoral and cellular responses were determined from splenocytes.

Cellular responses were studied by flow cytometer, after stimulation of splenocytes with
different SARS-CoV-2 S1 and S2 peptide pools representing the S antigen, in combination with
SARS-CoV-2 S protein. Non-stimulated samples were used as a control.

3. RESULTS AND DISCUSSION

3.1. SCREENING OF NANOEMULSIONS AND NANOCAPSULES

As indicated in the introduction of this chapter, our first experimental objective was the
production of a library of NEs and polymeric NCs. To explore a wide range of components that
could enhance immune responses elicited by the developed nanocarriers, different
combinations of cationic and anionic lipids, surfactants, and polymers were explored. Based on
our previous experience, the selected oil was Vitamin E, due to its versatility in forming NEs
for RNA delivery. As surfactants, we considered multiple candidates capable of entrapping
RNA while facilitating the formation of small and stable nanocarriers, such as ethyl lauroyl
arginate (LAE), benzethonium chloride (BZT), Kolliphor® HS15 (K-HS15%), 1,2-dioleoyl-3-
trimethylammonium propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) or Tween 80, among others.

These components were combined at different molar ratios to increase variability in the
physicochemical properties of the resulting nanocarriers. Additionally, we explored various
volume-to-volume (v/v) ratios between the aqueous phase and the organic phase; and weight-
to-weight (w/w) ratios between the polymer and the mRNA. Notably, we observed that greater
v/v ratios led to smaller particle sizes while increasing the polydispersity of the NEs. This
highlighted the importance of carefully tuning this parameter to achieve smaller diameters
without compromising the stability of the resulting NEs. Moreover, higher w/w ratios between
the polymer and the mRNA resulted in more significant alterations in the surface properties of
the resulting NCs. These formulations underwent characterization for physicochemical
properties, storage stability, or alignment with regulatory requirements. Selected prototypes
were screened based on their in vitro cytotoxicity profile and mRNA transfection efficiency
potency.

As outlined in Table 3, more than 80 NE and NCs were discarded during this process. The
primary reasons for exclusion included inadequate particle size and polydispersity, instability
or poor storage capacity, high ethanol content, substantial in vitro toxicity, or complete inability
to achieve in vitro transfection.
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Table 3. Summary of nanocarriers developed during this project that failed to fulfill the target product

profile
# Nanosystem Composition Molar ratio (%) v/v ratio Polymer w/w ratio
1 NE LAE: Vit E 35.9: 64.1 3.2:1
2 NE LAE: Vit E 35.9: 64.1 19.8: 1
3 NE LAE: Vit E 35.9: 64.1 19: 1
4 NE LAE: Vit E 35.9: 64.2 9:1
5 NE LAE: Vit E 35.9: 64.1 3.6: 1
6 NE BZT: Vit E 60.8: 39.2 3.2: 1
7 NE BZT: Vit E 52.7: 47.3 3.2: 1
8 NE BZT: Vit E 31.7: 68.3 3.2: 1
9 NC BZT: Vit E 31.7: 68.3 3.2: 1 SPM 0.32: 1
10 NC BZT: Vit E 31.7: 68.3 3.2: 1 PRT 0.5: 1
11 NC BZT: Vit E 31.7: 68.3 3.2: 1 PRT 1:1
12 NC BZT: Vit E 31.7: 68.3 3.2: 1 PRT 2:1
13 NC BZT: Vit E 31.7: 68.3 3.2:1 PRT 4: 1
14 NE BZT: Vit E 23.6: 76.4 3.2: 1
15 NE BZT: Vit E 52.8: 47.2 3.2: 1
16 NE BZT: Vit E 35.8: 64.2 3.2: 1
17 NE BZT: Vit E 32: 68 3.2: 1
18 NC BZT: Vit E 32: 68 3.2: 1 SPM 0.32: 1
19 NC BZT: Vit E 32: 68 3.2: 1 SPM 0.43: 1
20 NC BZT: Vit E 32: 68 3.2: 1 SPM 2:1
21 NC BZT: Vit E 32: 68 3.2: 1 SPM 5:1
22 NC BZT: Vit E 32: 68 3.2:1 SPM 10: 1
23 NC BZT: Vit E 32: 68 3.2:1 SPM 20: 1
24 NC BZT: Vit E 32: 68 3.2: 1 SPM | HA  0.32: 1] 0.6:1
25 NC BZT: Vit E 32: 68 3.2: 1 SPM | HA  0.32:1]6:1
26 NC BZT: Vit E 32: 68 3.2:1 SPM | HA  0.43: 1] 8: 1
27 NE BZT: Vit E 23.4: 76.6 3.2:1
28 NE BZT: Vit E 13.4: 86.6 3.2:1
29 NE BZT: Vit E 5.8: 94.2 3.2: 1
30 NE Inulin: Vit E: SG 3:75.5: 21.5 3.2: 1
31 NE K-HS15®: Vit E: SG  73.8: 20.4: 5.8 3.2:1
32 NE K-HS15®: Vit E: SG  65.3: 27: 7.7 3.2:1
33 NE K-HS15®: Vit E: SG ~ 48.5: 40.1: 11.4  3.2: 1
34 NE K-HS15®: Vit E: SG 32: 52.9: 151 3.2: 1
35 NC K-HS15®: Vit E: SG 32: 52.9: 15.1 3.2: 1 PRT 0.125: 1
36 NC K-HS15®: Vit E: SG 32: 52.9: 15.1 3.2: 1 PRT 0.25: 1
37 NC K-HS15®: Vit E: SG 32: 52.9: 15.1 3.2:1 PRT 0.5: 1
38 NC K-HS15®: Vit E: SG 32: 52.9: 15.1 3.2: 1 PRT 1: 1

Abbreviations: BZT: benzethonium chloride. HA: hyaluronic acid. Inulin: Inutec® SL1. K-HS15: Kolliphor® HS15.
LAE: ethyl lauroyl arginate. NC: nanocapsule NE: nanoemulsion. PRT: protamine sulphate EP. SG: sodium
glycocholate. SPM: spermine. Vit E: D, L-a-tocopherol. v/v ratio: volume-to-volume ratio between aqueous and
organic phases. w/w ratio: weight-to-weight ratio between polymer and mRNA content.
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Table 3. Summary of nanocarriers developed during this project that failed to fulfill the target product
profile (continuation)

# Nanosystem Composition Molar ratio (%) v/v Polymer  w/w
ratio ratio

39 NE K-HS15®: Vit E: SG 26.6: 68.7: 4.7 3.2: 1
40 NC K-HS15®: Vit E: SG 26.6: 68.7: 4.7 3.2: 1 PARG 0.4: 1
41 NC K-HS15®: Vit E: SG 26.6: 68.7: 4.7 3.2: 1 PARG 0.8: 1
42 NC K-HS15®: Vit E: SG 26.6: 68.7: 4.7 3.2: 1 PARG 1.6: 1
43 NC K-HS15®: Vit E: SG 26.6: 68.7: 4.7 3.2: 1 PARG 4: 1
44 NE DOTAP: DOPE: Vit E 18.9: 5.2: 75.9 6.7: 1
45 NE DOTAP: DOPE: Vit E 25.8: 7.1: 67.1 6.7: 1
46 NE DOTAP: DOPE: Vit E 18.2: 8.5: 73.3 6.7: 1
47 NE DOTAP: DOPE: Vit E 25.5: 14.1: 60.4 6.7: 1
48 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 PRT 0.2: 1
49 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 PRT 0.4: 1
50 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 PRT 0.5: 1
51 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 PRT 0.5: 1
52 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 SPM 0.08: 1
53 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 SPM 0.22: 1
54 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 SPM 0.32: 1
55 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 SPM 0.44: 1
56 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 SPM 0.66: 1
57 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 DEAEDX 1: 1
58 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 DEAEDX 2:1
59 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 DEAEDX 3:1
60 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 SPM 0.22: 1
61 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 SPM 0.44: 1
62 NC DOTAP: DOPE: Vit E 16.8: 49.3: 33.8 6.7: 1 SPM 0.66: 1
63 NE DOTAP: Vit E: T80 18.8: 75.8: 5.4 6.7: 1
64 NE DOTAP: Vit E: T80 27: 63.9: 9 6.7: 1
65 NE DOTAP: DOPE: Vit E: 33.1: 9.1: 52.2: 6.7:1

T80 5.5
66 NE DOTAP: DOPE: Vit E: 30.1: 12.1: 50.5: 6.7: 1

T80 7.3
67 NE DOTAP: DOPE: Vit E: 35.9:9.9:51.2:3 6.7: 1

T80
68 NE DOTAP: DOPE: Vit E: 32.4: 15.2: 51.5: 6.7: 1

T80 0.9
69 NE DOTAP: DOPE: Vit E: 50: 10: 38.5: 1.5 6.7: 1

T80
70 NE DOTAP: DOPE: Vit E: 50: 10: 38.5: 1.5 1.1:1

T80
71 NE DOTAP: DOPE: Vit E: 29.9: 8.8: 53: 8.3 1.1:1

T80

Abbreviations: DEAEDX: DEAE-dextran hydrochloride. DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine.
DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. K-HS15: Kolliphor® HS15. NC: nanocapsule. NE:
nanoemulsion. PARG: poly-L-arginine. PRT: protamine sulphate EP. SG: sodium glycocholate. SPM: spermine.
T80: Tween 80. Vit E: D, L-a-tocopherol. v/v ratio: volume-to-volume ratio between aqueous and organic phases.
w/w ratio: weight-to-weight ratio between polymer and mRNA content.
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Table 3. Summary of nanocarriers developed during this project that failed to fulfill the target product
profile (continuation)

# Nanosystem Composition Molar ratio (%) v/v Polymer  w/w
ratio ratio

72 NC DOTAP: DOPE: Vit E: 38.1: 10.5: 45.1: 6.7: 1 PRT 0.5: 1
T80 6.4

73 NC DOTAP: DOPE: Vit E: 38.1: 10.5: 45.1: 6.7: 1 SPM 0.44: 1
T80 6.4

74 NC DOTAP: DOPE: Vit E: 38.1: 10.5: 45.1: 6.7: 1 DEAEDX 1: 0.5
T80 6.4

75 NC DOTAP: DOPE: Vit E: 38.1: 10.5: 45.1: 6.7: 1 PARG 0.5: 1
T80 6.4

76 NC DOTAP: DOPE: Vit E: 38.1: 10.5: 45.1: 6.7: 1 cs 0.5: 1
T80 6.4

77 NC DOTAP: DOPE: Vit E: 38.1: 10.5: 45.1: 6.7: 1 cs 2:1
T80 6.4

78 NC DOTAP: DOPE: Vit E: 38.1: 10.5: 45.1: 6.7: 1 CS 4: 1
T80 6.4

79 NC DOTAP: DOPE: Vit E: 17.3: 8.1: 69.7: 6.7: 1 CS 0.5: 1
T80 4.9

80 NC DOTAP: DOPE: Vit E: 17.3: 8.1: 69.7: 6.7: 1 (& 2:1
T80 4.9

81 NC DOTAP: DOPE: Vit E: 17.3: 8.1: 69.7: 6.7: 1 cs 4: 1
T80 4.9

82 NC DOTAP: DOPE: Vit E: 50: 10: 38.5: 1.5 6.7: 1 DX 4: 1
T80

83 NC DOTAP: DOPE: Vit E: 46.2:9: 35.6: 9.3 5:1 DX 4: 1
T80

84 NC DOTAP: DOPE: Vit E: 46.2: 9: 35.6: 9.3 5:1 PEG- 2:1
T80 PGA

85 NC DOTAP: DOPE: Vit E: 46.2:9: 35.6:9.3 5:1 PEG- 4: 1
T80 PGA

86 NC DOTAP: DOPE: Vit E: 46.2:9:35.6: 9.3 5:1 PEG- 8:1
T80 PGA

87 NC DOTAP: DOPE: Vit E: 46.2:9: 35.6: 9.3 5:1 PEG- 16: 1
T80 PGA

Abbreviations: CS: chitosan. DEAEDX: DEAE-dextran hydrochloride. DOPE: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine. DOTAP: 1,2-dioleoyl-3-trimethylammonium propane. DX: dextran sulfate. NC:
nanocapsule. PARG: poly-L-arginine. PEG-PGA: PEG (5 kDa)-b-PGA (10) (Na). PRT: protamine sulphate EP. SPM:
spermine. T80: Tween 80. Vit E: D, L-a-tocopherol. v/v ratio: volume-to-volume ratio between aqueous and
organic phases. w/w ratio: weight-to-weight ratio between polymer and mRNA content.

Regarding the physicochemical properties aligning with the TPP, several NEs and NCs met
the specified requirements. As indicated in Table 4, these selected NEs consisted of a cationic
lipid (DOTAP), a helper lipid (DOPE), and an oil (Vitamin E), with or without the short-
PEGylated lipid Tween 80. These different lipid components were combined in varying
proportions to evaluate their impact on mRNA encapsulation efficiency, particle diameter,
colloidal stability, or transfection efficiency.

181



MIREYA LOPEZ BORRAJO

Table 4. Summary of the lipid compositions and molar ratios between the different components of the
nanoemulsions investigated

Nanosystem Lipid composition Molar composition (%)
NE-1 DOTAP: DOPE: Vit E 16.8: 15.7: 67.5
NE-2 DOTAP: DOPE: Vit E 40.7: 11.2: 48.1
NE-3 DOTAP: DOPE: Vit E: Tween 80 38.1: 10.5: 45.1: 6.4
NE-4 DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9
NE-5 DOTAP: DOPE: Vit E: T80 46.2: 9: 35.6: 9.3
Abbreviations: DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine. DOTAP: 1,2-dioleoyl-3-

trimethylammonium propane. NE: nanoemulsion. Vit E: D, L-a-tocopherol.

Following mMRNA entrapment, these NEs were used for the development of NC-mRNA,
by adding a polymeric layer over the pre-formed NE-mRNA nanocarriers. The nomenclature
for the resulting NC-mRNAs was derived from the initial NE name code, for easy identification.
As detailed in Table 5, different polymers were explored, including protamine (PR), dextran
sulfate (DX), chitosan (CS), and PEG-PGA (PP), aiming to modify the surface of the
nanocarriers and enhance their immunogenic properties. All four polymers have previously
been used as adjuvant and antigen delivery systems, capable of activating different T and B cell
responses [25-29].

Table 5. Summary of the lipid and polymer compositions, and the molar and weight-to-weight ratio
between the different components of the nanocapsules investigated

Nanosystem Initial NE composition Molar composition (%) Polymer coating  w/w ratio
NC-1-PR DOTAP: DOPE: Vit E 16.8: 15.7: 67.5 Protamine 1:1
NC-3-PR DOTAP: DOPE: Vit E: Tween 80 38.1: 10.5: 45.1: 6.4 Protamine 1:1
NC-4-PR DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9 Protamine 1:1
NC-3-DX DOTAP: DOPE: Vit E: Tween 80 38.1: 10.5: 45.1: 6.4 Dextran Sulfate 1:1
NC-4-DX DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9 Dextran Sulfate 1:1or2:1
NC-5-DX DOTAP: DOPE: Vit E: Tween 80 46.2: 9: 35.6: 9.3 Dextran Sulfate 2:1
NC-3-CS DOTAP: DOPE: Vit E: Tween 80 38.1: 10.5: 45.1: 6.4 Chitosan 1:1
NC-4-CS DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9 Chitosan 1:1
NC-4-PP DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9 PEG-PGA 12: 1
NC-5-PP DOTAP: DOPE: Vit E: Tween 80 46.2: 9: 35.6: 9.3 PEG-PGA 12: 1

Abbreviations: CS: chitosan. DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine. DOTAP: 1,2-dioleoyl-3-
trimethylammonium propane. DX: dextran sulfate. NC: nanocapsule. PEG-PGA or PP: PEG (5 kDa)-b-PGA (10)
(Na). PRT: protamine sulphate EP. Vit E: D, L-a-tocopherol. w/w ratio: weight-to-weight ratio between polymer
and mRNA content.

3.1.1. Preparation and optimization of MRNA-loaded nanoemulsions

NE-mRNA nanocarriers were prepared using two distinct strategies. In the first approach,
blank NEs were prepared through the solvent-displacement technique, resulting in
nanoparticles with a size diameter ranging from 100 to 130 nm and a highly positive surface
charge (Table 6). In the case of NE-4, organic solvents were removed by evaporation under
vacuum, which did not affect its physicochemical properties. Subsequently, mRNA was
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complexed over the blank NEs through electrostatic interactions between the positively charged
cationic lipid and the negatively charged oligonucleotide.

Table 6. Physicochemical properties of blank NEs

Nanosystem Particle diameter (nm) PDI (-Potential (mV)
NE-1 (n =2) 132 £ 1 0.14 £ 0.01 +54 +3
NE-2 (n = 2) 101 +£5 0.38 £ 0.01 +59 + 1
NE-3 102 + 13 0.40 £ 0.05 +56 £ 5
NE-4 104 + 15 0.30 £ 0.04 +55+2
NE-4evaporated 93+ 10 0.27 + 0.03 +55+ 3

Abbreviations: NE: nanoemulsion. PDI: polydispersity index. Values represent the mean + standard deviation (n
> 3, unless indicated otherwise).

Table 7. Physicochemical properties of NE-1, NE-2, NE-3, NE-4, and NE-5 using different types of mRNAs
and different N/P ratios

Nanosystem mRNA N/P ratio Particle PDI (-Potential EE (%)
diameter (nm) (mV)
NE-1 (n = 2) mGFP 0.64 152 £ 19 0.04 + 0.01 91 50
NE-2 (n=1) mGFP 2 108 0.17 +40 100
NE-3 mGFP 0.9 122 £ 12 0.13+0.02 12 +6 50
NE-3 mGFP 2 108 + 13 0.14 +0.03 +39+2 100
NE-3 (n=1) mLuc 0.9 127 0.15 -17 70
NE-3 (n =2) mLuc 2 112 £ 16 0.17 £+ 0.01 +35+6 100
NE-3 (n=1) mOVA 2 99 0.16 +45 100
NE-4 (n = 2) mGFP 0.9 128 + 2 0.13+0.04 -10 £1 50
NE-4 mGFP 2 127 + 13 0.09 + 0.03 +43 + 4 100
NE-4 mLuc 2 138 £ 18 0.14 = 0.06 +42 + 2 100
NE-4 (n = 2) mOVA 2 121+ 9 0.10 £ 0.01 +40 + 3 100
NE-4 (n = 2) mLuc 4 89+2 0.21 £ 0.02 +48 + 6 100
NE-4 mT 4 108 + 14 0.19 + 0.03 +43 + 3 100
NE-4 mB 4 11113 0.2 +0.03 +43 + 2 100
NE-4 mRBD 4 105 = 11 0.2 £ 0.01 +48 + 3 100
NE-4 MRBDepi 4 110+ 8 0.19 £ 0.01 +49 + 3 100
NE-4nicrofluid mLuc 4 84 + 11 0.21 £ 0.02 +54 + 3 100
NE-4microfiuid mRBD 4 73+13 0.23+0.02 +46 + 4 100
NE-5microfluid (N = 2) mGFP 4 62 +13 0.24 + 0.07 +53+7
NE-5microfluid (N = 1) mLuc 4 71 0.15 +50 100
NE-5microfluid mRBD 4 633 0.23 +0.05 +56 + 15 100
NE-5microftuid (N = 1) MRBDepi 4 90 0.26 +45

Abbreviations: EE: encapsulation efficiency. mB: SARS-CoV-2-B cells mRNA. mGFP: mRNA encoding GFP. mLuc:
mRNA encoding luciferase. mOVA: mRNA encoding ovalbumin protein. mRBD: SARS-CoV-2-RBD mRNA. mRBDep;:
SARS-CoV-2-RBDepi. mT: SARS-CoV-2-T cells mRNA. NE: nanoemulsion. N/P ratio: nitrogen to phosphate ratio.
PDI: polydispersity index. Values represent the mean + standard deviation (n > 3, unless indicated otherwise).
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On the other hand, a second strategy involved a single-step microfluidic mixing of both
aqueous and organic phases, leading to the simultaneous complexation of the mMRNA and the
formation of NE-mRNA nanosystems. This preparation technique led to the formation of
nanostructures with a smaller particle size (60-100 nm) than the simple mixing of components
(100-150 nm) (Table 7). These variations suggested potential changes in the internal structure
of the NEs and the organization of the mMRNA molecules.

Furthermore, the incorporation of negatively charged mRNA onto the surface of the
previously formed blank NEs led to alterations in the physicochemical properties, mainly
evident by the reduction of the positive charge of the resulting NE-mRNAs. These surface
changes were dependent on the N/P ratio used, resulting in slightly negative NE-mRNAs at low
N/P ratios, and highly positive NE-mRNAs at high N/P ratios. The importance of the N/P ratio
used was also highlighted on the EE%, with higher values obtained at a higher N/P ratio (Figure
2). Additionally, different types of mRNA exhibited different particle diameters and
polydispersity indexes, indicating differences in the interaction between the cationic DOTAP
and the specific types of mRNA.

mRNA NE-1 NE-2 NE-3 NE-3 NE-4 NE-4
control 0.64:1 2:1 0.9:1 211 0.9:1 2:d
£ £ £ £ £ £ £
5 § & § 5 &% § % & % 5 &8 3§ &
© © © © © © ©
= £ 8 =2 B £ B £ E £ B £ =2 £
—— —— N S— —
v
R R — . J— — — [

Figure 2. Encapsulation efficiency of mGFP-loaded NE-1, NE-2, NE-3, and NE-4, at different N/P ratios.
Samples were treated with heparin for mGFP displacement

Abbreviations: NE: nanoemulsion.

Various N/P ratios were explored for some of the formulations, including NE-3 and NE-4,
using a model transfer RNA (tRNA). As depicted in Figure 3, both NE-tRNAs present a shift
in surface charge from 0.9:1 to 1.1: ratios, transitioning from a negative to a positive surface
charge. In the case of NE-3-tRNA (Figure 3, top left), neutrality was achieved at 0.9:1 ratio,
resulting in a significant increase in the particle size. This behavior, however, was not observed
in NE-4-tRNA (Figure 3, top right), where the transition from a negative to a positive surface
charge did not lead to neutral charges at the explored N/P ratio. Furthermore, encapsulation
efficiency was assessed using agarose gel electrophoresis, suggesting complete complexation
of the tRNA from ratios 0.9:1 for NE-3-tRNA (Figure 3, bottom left), and 0.8:1 for NE-4-tRNA
(Figure 3, bottom right).
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Figure 3. Physicochemical properties (top) and encapsulation efficiency (bottom) of NE-3-tRNA and NE-4
tRNA (left and right figures, respectively), at different N/P ratios between DOTAP and tRNA. Particle size
corresponds with the left axis (bars), while surface charge corresponds with the right axis (dots)

Abbreviations: NE: nanoemulsion. N/P ratio: nitrogen to phosphate ratio. tRNA: transfer RNA.

3.1.2. Preparation and optimization of mRNA-loaded nanocapsules

The resulting NE-mRNAs were subsequently coated with various polymers to form a
polymer shell that would modulate the surface properties of the resulting NC-mRNAs (Table
8). Different w/w ratios between the polymer and the mRNA were determined for each NC-
MRNA, based on the amount of polymer required to modify the surface properties effectively
while preserving particle stability. In all nanocarriers, particle diameter increased after polymer
attachment compared with the initial NE-mRNA used. The final surface charge was aligned
with the ionizable groups of the polymer backbone. To facilitate the attachment of the polymer
shell onto the surface of the NEs, an adjustment of the N/P ratios of the NE-mRNAs was made.
Consequently, all NC-PR-mRNA and NC-CS nanocarriers were prepared at a N/P ratios 0.64:
1or0.9: 1

Overall, the particle diameters observed in the NC-mRNAs ranged from 100 to 235 nm,
primarily dependent on the method used for the initial preparation of NE-mRNA. Significant
differences were observed for various mMRNA molecules.
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Table 8. Physicochemical properties of NC-mRNA-PR, NC-mRNA-DX, NC-mRNA-CS, and NC-mRNA-PP using
different NE-mRNAs, types of mRNAs, and w/w ratios

Nanosystem mRNA w/w Particle PDI (-Potential EE
ratio diameter (nm) (mV) (%)

NC-1-PR (n =1) mGFP 1: 1 168 0.09 +26 100

NC-3-PR mGFP 1:1 152 +9 0.12 + 0.01 +24 £ 1 100

NC-3-PR (n =1) mLuc 1: 1 179 0.16 +24 100

NC-4-PR mGFP 1: 1 153 £ 16 0.11 £ 0.03 +27 +2 75

NC-4-PR (n = 1) mLuc 1: 1 224 0.12 +22 100

NC-3-DX (n = 1) mGFP 1: 1 144 0.09 -26 100

NC-4-DX (n = 1) mGFP 1: 1 148 0.07 -14 90

NC-4-DX (n = 1) mGFP 2:1 113 0.09 -18 100

NC-4-DX mLuc 1:1 154 + 8 0.14 + 0.04 14+ 1 100

NC-4-DX mLuc 2:1 126 + 3 0.11 £ 0.02 21+2 100

NC-4-DX mOVA 2:1 132 +3 0.07 + 0.03 -16 + 2 100

NC-4-DX mT 2:1 1M11+6 0.09 + 0.02 -15+5 100

NC-4-DX mB 2:1 114 +5 0.1 +0.02 -13+5 100

NC-4-DX mRBD 2:1 109+ 6 0.11 £ 0.01 18 £2 90

NC-4-DX MRBDepi 2:1 113+ 6 0.09 + 0.01 -19+3 90

NC-4-DX mT + mB 2: 1 113 +3 0.10 £ 0.02 -13+4 100

NC-4-DX (n = 2) mT + mRBD 2:1 105 +1 0.09 + 0.01 -19+4 90

NC-4-DX (n = 2) mT + mRBDepi 2: 1 106 + 1 0.10 £ 0.01 17 £ 4 90

NC-4-DXmicrofluid mLuc 2:1 101 0.07 -35 100

(n=1)

NC-4-DXmicrofluid mRBD 2:1 1055 0.12 £ 0.01 -6+ 10 100

NC-5-DXmicrofluid mGFP 2:1 93+9 0.2 £ 0.01 -6+7

(n=2)

NC-5-DXmicrofluid MRBDepi 2:2 112 0.18 -26

(n=1)

NC-3-CS (n=1) mGFP 1: 1 188 0.19 +30 100

NC-4-CS (n =1) mGFP 1: 1 167 0.15 +29 100

NC-4-CS (n = 2) mLuc 1: 1 234 £ 31 0.22 + 0.07 +31+5 100

NC'4'PPmicrofluid mLuc 12: 1 89 0.21 +16

(n=1)

NC-4-PPmicrofiuid mRBD 12: 1 80+ 20 0.21 £ 0.02 +19 + 4 100

NC-5-PPmicrofiuid mGFP 12: 1 70 + 1 0.17 £ 0.01 +13+5

(n=2)

NC-5-PPmicrofluid mLuc 12: 1 81 0.17 +13

(n=1)

NC-5-PPmicrofluid mRBD 12: 1 746 0.17 £ 0.02 +14 +2 100

Abbreviations: CS: chitosan. DX: dextran sulfate. EE: encapsulation efficiency. mB: SARS-CoV-2-B cells mRNA.
mGFP: mRNA encoding GFP. mLuc: mRNA encoding luciferase. mOVA: mRNA encoding ovalbumin protein. mRBD:
SARS-CoV-2-RBD mRNA. mRBDepi: SARS-CoV-2-RBDepi. mT: SARS-CoV-2-T cells mRNA. NC: nanocapsule. PDI:
polydispersity index. PEG-PGA or PP: PEG (5 kDa)-b-PGA (10) (Na). PR: protamine sulphate EP. w/w ratio: weight-
to-weight ratio between polymer and mRNA content. Values represent the mean + standard deviation (n > 3,
unless indicated otherwise).
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Furthermore, EE% was determined using agarose gel electrophoresis (Figure 4, top),
revealing that most NC-mRNA were capable of fully complexing the oligonucleotides.
However, the mRNA displacement by heparin was dependent on the type of NE and polymer
used, suggesting that different interactions between RNA and the polymer shell varied across
different formulations. For example, heparin was unable to displace the mRNA when chitosan
shells were used (namely, in the case of NC-3-CS and NC-4-CS), suggesting a strong
interaction between the polymeric NC and the mRNA cargo. In the case of dextran sulfate,
heparin was capable of fully displacing mMRNA in NC-3-DX, whereas no displacement was
found in NC-4-DX, despite using the same polymer in the coating shell. This indicates that the
composition of the oily core also mediates the interactions and release of the mRNA.

Additionally, EE% was determined for NC-4-DX in combination with the different SARS-
CoV-2 mRNAs developed (Figure 4, bottom). Full complexation of mMRNA was achieved for
mT and mB, while some free mMRNA was observed in the case of MRBD and mRBDegpi. Similar
behaviors were noted after combining NC-4-DX-mT with NC-4-DX-mB, -mRBD, and -
mMRBDepi. A possible explanation for this behavior could be the chemical modifications applied
to the SARS-CoV-2 constructs as well as the differences in length of the different sequences,
as they encode for different proteins. This hypothesis needs to be further confirmed.
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Figure 4. Encapsulation efficiency of mGFP-loaded NCs (top) and mB-, mT-, mRBD-, mRBDgpi-loaded NCs
(bottom). Samples were treated with heparin for mGFP displacement (top) and Triton X for NC disruption
(bottom)

Abbreviations: CS: chitosan. DX: dextran sulfate. mB: SARS-CoV-2-B cells mRNA. mGFP: mRNA encoding GFP.
mRBD: SARS-CoV-2-RBD mRNA. mRBDe¢pi: SARS-CoV-2-RBDepi. mT: SARS-CoV-2-T cells mRNA. NC: nanocapsule. PR:
protamine sulphate EP.
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For specific NC-mRNA nanocarriers, selected based on their promising in vitro
performance, the ratio between the polymer and the RNA content was optimized. In the case of
NC-3-DX and NC-4-DX, this optimization was performed using tRNA, exploring w/w ratios
between DX and tRNA (Figure 5). Overall, no differences were found in terms of particle
diameter at the different w/w ratios used for both NC-tRNA-DX, except for a small reduction
in size when ratio 4:1 was used in NC-3-DX. However, a significant reduction in the surface
charge, moving from positive to negative values, was observed with increasing w/w ratios
between the polymer and the tRNA (Figure 5, top). In terms of EE%, no changes were observed
(Figure 5, bottom), as all tRNA content was completely adsorbed onto the surface of the
nanocarrier before coating with the polymer.
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Figure 5. Physicochemical properties (top) and encapsulation efficiency (bottom) of NC-3-DX-tRNA and NC-
4-DX-tRNA (left and right figures, respectively), at different w/w ratios between the DX shell and the tRNA.
Particle size corresponds with the left axis (bars), while surface charge corresponds with the right axis
(dots)

Abbreviations: DX: dextran sulfate. NC: nanocapsule. tRNA: transfer RNA. w/w ratio: weight-to-weight ratio
between the polymer and tRNA content.

Certain NE-mRNA and NC-mRNA nanocarriers were freeze-dried to enhance the long-
term stability of the different mRNA formulations (Supplementary Table 1). Various
cryoprotectants were screened, including trehalose, sucrose, and glucose, to identify suitable
conditions to ensure that the physicochemical characteristics of the formulations remained
unaltered upon reconstitution of the free-dried powder. Interestingly, differences in the required
cryoprotectant were found between different formulations, and even within the same
nanocarrier when different types of mMRNA were used.
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3.2. IN VITRO SCREENING OF NANOEMULSIONS AND NANOCAPSULES

Before administering the nanocarriers in animals, NE-mRNAs and NC-mRNAs formulations
were studied in vitro in different cell lines, assessing their toxicity and transfection potency.

3.2.1. Cytotoxicity and transfection efficiency in HeLa cells using mGFP

HeLa cells were selected as a model for easy transfection and evaluation of cellular
toxicity. These cells have also been used in various vaccine studies in the literature [30,31].
Different NE-mGFP and NC-mGFP were incubated with HelLa cells for 4 hours, and toxicity
and fluorescence transfection were assessed 24 hours after treatment.
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Figure 6. Cytotoxicity of NE-mGFP (top) and NC-mGFP (bottom), at different mGFP concentrations, in HeLa
cells at 24 hours post-transfection

Abbreviations: CS: chitosan. DX: dextran sulfate. mGFP: mRNA encoding GFP. NE: nanoemulsion. NC:
nanocapsule. PC: positive control, lipofectamine. PR: protamine sulphate EP. Values represent the mean +
standard deviation (n > 3).
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The results depicted in Figure 6 show minor concentration-dependent toxicity, reaching a
maximum reduction in viability of 25% at the highest doses investigated (200 and 100 ng of
mGFP). Interestingly, no significant differences in cell viability were found between the
different NE-mGFP or NC-mGFP. However, NC-mGFP presented slightly overall lower
toxicity than NE-mGFP (e.g. NC-4-PR-mGFP, NC-4-DX-mGFP, and NC-4-CS-mGFP
presented better cell viability profile than NE-4-mGFP). These findings suggest that the
polymer shell contributes to reducing the overall high surface charge of the NE-mGPF and that
NC-mGFP with low positive or negative surface charges leads to better cell viability profiles.

To assess transfection efficiency, two measurements were considered: the percentage of
GFP-positive cells, which determines the percentage of cells able to express the GFP, and mean
fluorescence intensity (MFI), which evaluates the amount of fluorescence produced for those
cells. Overall, NE-mGFP formulations (Figure 7, top) resulted in a higher percentage of GFP-
positive cells and MFI than NC-mGFP formulations (Figure 7, bottom), regardless of the
polymeric layer present on the NC-mGFP. In all cases, a significant dose-dependent
transfection efficiency was found. Among the different NE-mRNAs, NE-3-mGFP and NE-4-
mGFP showed the highest transfection efficiency, possibly due to the presence of Tween 80 in
their composition, which can enhance the transfection potency of lipidic nanocarriers in cell
studies [32].

Regarding NC-mGFP formulations, differences were observed, mainly between NC-
mGFP formulations using the same NE-mGFP. For example, both NC-3-PR-mGFP and NC-3-
CS-mGFP elicited better percentages of GFP-positive cells than NC-3-DX-mGFP. Moreover,
notable differences among formulations using the same polymer were observed, as in the case
of NC-4-DX-mGFP, which significantly exceeded the transfection efficiency of NC-3-DX-
mGFP, while both of them used DX as the polymeric shell. These differences between systems
were not observed when NE-3-mGFP and NE-4-mGFP were compared, suggesting that the
polymeric shell can further modulate the transfection efficiency of the nanocarriers. Overall,
among all the different NC-mGFP nanosystems tested, NC-4-DX-mGFP was the most efficient
delivery system in terms of transfection potency.

Specific formulations, all of them prepared by microfluidic mixing, were tested in HelLa
cells using a greater number of cells in 24-well plates. This would allow for testing greater
concentration of the nanosystems, namely NE-5-mGFP, NC-5-DX-mGFP, and NC-5-PP-
mGFP (Supplementary Figure 1). Considering the poor transfection efficiency depicted by NE-
5-mGFP, it was no surprise that NC-5-mGFP derived from it would also lead to percentages of
GFP-positive cells lower than 50%. However, lipofectamine control also depicted a low
transfection efficiency, suggesting a possible underestimation of the results.

Selected formulations were exposed to FBS (to mimic the physiological environment in
the human body) and RNase (to assess mMRNA cargo protection against this enzyme), before
their incubation with HelLa cells (Supplementary Figure 2). In terms of cell viability, no
significant differences were observed compared to formulations not exposed to FBS or RNase.
However, the transfection efficiency of NE-3-mGFP and NC-3-PR-mGFP was reduced when
exposed to RNase, suggesting deficient protection of the cargo towards degradation.

Finally, some of the formulations subjected to freeze-drying were tested in vitro after their
resuspension (Supplementary Figure 3). The sample preservation process did not impact the
nanocarriers in terms of cellular cytotoxicity and transfection efficiency, confirming the
potential for long-term stability of these nanosystems without reduction of their effectiveness.
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Figure 7. GFP transfection efficiency of NE-mGFP (top) and NC-mGFP (bottom) nanocarriers, at different
mGFP concentrations. Percentage of GFP positive cells (left axis) and mean fluorescence intensity (right
axis) in Hela cells, 24 hours post-transfection

Abbreviations: CS: chitosan. DX: dextran sulfate. mGFP: mRNA encoding GFP. NE: nanoemulsion. NC:
nanocapsule. PC: positive control, lipofectamine. PR: protamine sulphate EP. A significant comparison was
performed using two-way ANOVA followed by Tukey’s multiple comparison tests between the highest
concentration and lower concentration (top) and between the highest concentration of each group. p-values <
0.05 were considered statistically significant (*). Also, (**) if p-value < 0.01, (***) if p-value < 0.001, and (****) if
p-value < 0.0001. Values represent the mean * standard deviation (n > 3).

191



MIREYA LOPEZ BORRAJO

3.2.2. Cytotoxicity and transfection efficiency in human dendritic cells using mRBD

Based on the in vitro results, NE-4, NC-4-PP, and NC-5-PP containing mRBD were
selected to be evaluated in human dendritic cells (hDCs), as a representative model for studying
DC activation after in vivo administration [33]. Cell viability and percentage of cells expressing
RBD were analyzed at 6 and 24 hours after treatment with the selected formulations (Figure 8).
In terms of cell viability, only the lowest RNA concentration (3 pg) exhibited minor levels of
cell toxicity (Figure 8, top).
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Figure 8. Cell viability (top) and percentage of hDCs able to express RBD (bottom) after 6 hours (left) and
24 hours (right) post-treatment with NE-4-mRBD, NC-4-DX-mRBD, NC-4-PP-mRBD, and NC-5-PP-mRBD, at
different mRBD concentrations

Abbreviations: DX: dextran sulfate. hDCs: human-derived dendritic cells. mRBD: SARS-CoV-2 RBD. NC:
nanocapsule. NE: nanoemulsion. PP: PEG-PGA (PEG (5 kDa)-b-PGA (10) (Na)). UT: untreated Values represented
asn=1.

Regarding their ability to transfect hDCs, noticeable differences were found among the
formulations (Figure 8, bottom). None of the tested nanocarriers were able to achieve
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expression of RBD in more than 20% of hDCs, with formulation NC-4-DX-mRBD exhibiting
the highest transfection efficiency. This level of expression, although disappointing, is
consistent with previous findings in the literature. Authors have reported in vitro transfection
rates of up to 28% in bone-marrow-derived DCs (BMDCs) using an mRNA transfection reagent
[34]. Other reports using LNPs to deliver mGFP into BMDCs demonstrated transfection rates
ranging from 20-50%, depending on the concentration and type of ionizable lipids used [35].

These results could be attributed to the inherent difficulty of transfecting DCs, as well as
distinct release and endosomal scape profiles. Our hypothesis is that NC-4-DX-mRBD could
potentially facilitate faster endosomal scape compared to NC-4-PP-mRBD, resulting in higher
RBD production at short time intervals (Figure 8, bottom left). At longer time points, only NC-
4-PP-mRBD showed a modest RBD production, which we hypothesize may be indicative of a
slower release of the mRDB cargo (Figure 8, bottom right).

3.3. IN VIVO SCREENING OF NANOEMULSIONS AND NANOCAPSULES USING MODEL MRNAS

In vivo evaluations of NE-mRNA and NC-mRNA were conducted using mLuc and mOVA as
model MRNAS, to assess the transfection potency of the developed nanocarriers.

3.3.1. Intramuscular administration of nanocarriers with mLuc

As an initial approach to assessing the in vivo transfection capacity of selected
formulations, mRNA encoding for luciferase (mLuc) was used as cargo. Following
intramuscular administration in mice, fluorescence was measured at different times (Figure 9).
In the first set of experiments, the selected formulations were prepared through bulk mixing,
including NE-3-mLuc, NE-4-mLuc, NC-3-PR-mLuc, and NC-4-DX-mLuc (Figure 9, left). In
all cases, N/P ratio used was 2:1. None of the nanocarriers, except for NC-4-DX, significantly
improved transfection compared to free mLuc administration. Subsequently, aiming to evaluate
the potential for improving the transfection efficiency of the nanosystems, formulations NE-4-
mLuc, NC-4-DX-mLuc, NC-4-PP-mLuc, and NC-5-PP-mLuc were prepared with increased
N/P ratios of 4:1 and using microfluidics, which resulted in a substantial reduction in particle
diameter. Overall, the signal detected was significantly higher than in the first set of
experiments. Some of the nanosystems, namely NE-4-mLuc and NC-4-PP-mLuc, resulted in
significant differences as compared to both controls (PBS and free mLuc).

Assuming that the N/P ratio would primarily influence the transfection potency of the
nanocarriers, differences in the behavior of the same NE-mLuc or NC-mLuc in the different
sets of experiments could be explained by the type of production process. When prepared by
bulk mixing (Figure 9, left), no significant differences were found between NE-mLuc and their
derivatives NC-mLuc. However, notable differences were observed when these nanocarriers
were manufactured through microfluidic mixing (Figure 9, right). For example, NE-4-mLuc
and NC-4-DX-mLuc, prepared by bulk mixing, resulted in no significant differences in terms
of transfection potency, but significant differences were found when prepared by microfluidic
mixing. While still preliminary, these results suggest that different mixing processes influence
the transfection potency of the nanocarriers, as has been previously reported for LNPs [36]. In
summary, these results highlight the impact of the N/P ratio and the production process on the
transfection potency of the developed mRNA nanosystem.

IVIS images corresponding to this study can be found in Supplementary Figure 4 and
Supplementary Figure 5 (corresponding with Figure 9 left and right, respectively).
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Figure 9. Normalized quantification of whole-body luciferase signal of NE-mLuc and NC-mLuc prepared by
bulk mixing (left) and by microfluidic mixing (right), after intramuscular administration. Each animal was
injected in both legs and imaged by IVIS at different time points (6, 24, and 48 hours)

Abbreviations: DX: dextran sulfate. mLuc: mRNA encoding luciferase. NC: nanocapsule. NE: nanoemulsion. PBS:
phosphate-buffered saline. PR: protamine sulphate EP. A significant comparison was performed using two-way
ANOVA followed by Tukey’s multiple comparison tests between groups. p-values < 0.05 were considered
statistically significant (*). Also, (**) if p-value < 0.01, (***) if p-value < 0.001, and (****) if p-value < 0.0001.
Values represent the mean + standard deviation (n > 3).

3.3.2. Intramuscular administration of nanocarriers with mOVA

Based on mLuc transfection results, the most promising nanoformulation, NC-4-DX (N/P
ratio 2:1), was selected for the loading of MRNA encoding the model immunology protein
ovalbumin (OVA) [37].

The adaptative immune system, designed to protect us from recurring infections, can be
activated through humoral responses (mainly, antibodies) or cellular responses (T cells).
Cellular responses can include specialized T cells, known as cytotoxic T cells (CTLs), or
clusters of differentiation 8 (CD8") T cells. Ideally, the nanosystems developed should be
capable of inducing robust Major Histocompatibility Complex | (MHC-I)-mediated CD8* T
cell responses [38,39]. To evaluate this, blood samples were collected on day 7, and spleen
samples on day 10, following intramuscular administration of NC-4-DX-mOVA on day 0 and
day 7 (Figure 10).

Dextramer staining enables the detection of MHC-1 CD8" T cells, and NC-4-DX-mOVA
successfully stimulated higher levels of dextramer-positive CD8" T cells in both blood and
spleen compared to the free mMOVA control (Figure 10, top left). Activated CD8" T cells
produce interferon-gamma (IFN-y), a cytokine involved in the immune response process [40].
The results of the quantification of IFN-y, assessed using ELISpot assay, indicated that NC-4-
DX-mOVA elicited higher levels of the cytokine compared to free mOVA (Figure 10, top right
and bottom). These results showed the role of the nanocarrier in delivering mRNA immunogens
to induce immune responses, as the levels of CD8" T cells and IFN-y provoked by the
administration of free mOVA are lower than those generated by NC-4-DX-mOVA.
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Figure 10. Percentage of dextramer-positive cells, obtained by flow cytometer, in the blood (collected on
day 7 post-administration) and the spleen (collected on day 10 post-administration) (top, left), and IFN-y-
producing spot-forming units (SFU) from splenocytes, by ELISpot assay (collected in day 10-post
administration) (top, right). Images of the INFy-producing SFU of mOVA (bottom, left) and NC-4-DX
(bottom, right)

Abbreviations: DX: dextran sulfate. IFN-y: interferon gamma. mOVA: mRNA encoding ovalbumin protein. NC:
nanocapsule. SFU: spot-forming units. A significant comparison was performed using multiple unpaired t-tests
followed by a Welch correction. p-values < 0.05 were considered statistically significant (*). (n > 3).

3.4. IN VIVO IMMUNE RESPONSE OF NANOEMULSIONS AND NANOCAPSULES CONTAINING
SARS-CoV-2 DERIVED MRNAS

The immune responses induced by the developed NE-mRNAs and NC-mRNAs were evaluated
using various SARS-CoV-2 mRNA constructs produced by the COVARNA consortium. These
MRNA sequences included mT (SARS-CoV-2-T cell mRNA, designed to trigger a T cell
response), mB (SARS-CoV-2-B cell mRNA, intended to provoke B cell responses), mRBD
(SARS-CoV-2-RBD mRNA, encoding for RBD domain of the virus), mMRBDepi (SARS-CoV-
2-RBDepi mRNA, encoding a highly immunogenic motif from the RBD domain). The
administration protocol is illustrated in Figure 11.
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Figure 11. Schematic representation of the study design timeline
Created with https://biorender.com.

Both humoral and cellular immune responses were evaluated after intramuscular
administration of nanocarriers with a single mMRNA or combinations of different mRNAs. The
results showed negligible humoral responses in the form of antibodies against SARS-CoV-2.
This absence of humoral immune response was previously described in other cationic NE-
MRNAs featuring different lipid compositions, which authors attributed to their endosomal
escape pattern in DCs [41]. Consequently, the following results focus solely on the cellular
immune responses observed.

3.4.1. Cellular responses after intramuscular administration of NC-4-DX containing a
single SARS-CoV-2 derived mRNA

Three different mMRNAs derived from SARS-CoV-2 (mT, mRBD, and mRBDepi) were
encapsulated onto NC-DX-4 (N/P ratio 2:1, prepared by bulk mixing). The animals received
two separate injection sessions, with a 21-day interval between them. In each session, 10 pg of
each mRNA was administered in a total volume of 50 pL, and each animal received injections
in both legs, intramuscularly. This resulted in a total dose of 20 pg in 100 pL per animal per
dose session. Two controls were used: NC-4-DX-mLuc, to assess any immune response related
to the nanocarrier itself; and positive control-mT (PC-mT) consisting of an LNP encapsulating
SARS-CoV-2 mT (C12-200: DOPE: Cholesterol: DMG-PEG, at molar ratios 40: 16: 42.5: 1.5),
serving as a reference for a nanocarrier capable of inducing potent mRNA transfection [42-44],
used to evaluate performance of NC-4-DX-mT.

As described in Figure 12, both clusters of differentiation 4 (CD4") and CD8" T cell
responses were investigated. Overall responses, which combined the percentage of each type
of T cell capable of secreting specific cytokines, showed higher levels of immune response than
their respective controls (Figure 12, top). Specific cytokines considered for evaluating the
immune response were IFN-y and TNF-a (or tumor necrosis factor-a), both actively produced
upon activation of CD4" and CD8" T cells after infection or immunization [45].
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Figure 12. CD4* and CD8" T cell responses (top) in terms of IFN-y (bottom, left) and TNF-a (bottom, right)

Abbreviations: DX: dextran sulfate. IFN-y: interferon gamma. mLuc: mRNA encoding luciferase. mRBD: SARS-
CoV-2-RBD mRNA. mRBDepi: SARS-CoV-2-RBDepi MRNA. mT: SARS-CoV-2-T cells mRNA. NC: nanocapsule. TNF-a:
tumor necrosis factor-alpha. A significant comparison was performed using two-way ANOVA followed by Tukey’s
multiple comparison tests between groups. p-values < 0.05 were considered statistically significant (*). Also, (**)
if p-value < 0.01. Values represent the mean + standard deviation (n > 3).

In terms of individual cytokines, significant changes were observed in the levels of IFN-y
(Figure 12, bottom left). There were significantly higher levels of IFN-y in both CD4* and CD8*
cells following the administration of NC-4-DX-mT, as well as after the administration of NC-
4-DX-mRBD for CD4* cells. Regarding TNF-a, no significant differences were found when
compared to the control groups; however, slight increases in this cytokine were observed in T
cells (Figure 12, bottom right). Overall, all NC-4-DX-mRNAs tested exhibited higher cytokine
levels than their respective controls, indicating that the immune response observed is strongly
related to the type of mMRNA used rather than the nanocarrier itself.
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Figure 13. CD4* and CD8" T cell responses (top) considering IFN-y, TNF-a, and IL-2. IL-2 (bottom, left) and
C107a secretions (bottom, right) from T cells were also determined

Abbreviations: C107a: LAMP-1 or lysosomal-assocaited membrane protein-1. DX: dextran sulfate. IFN-y:
interferon gamma. IL-2: interleukin-2. mLuc: mRNA encoding luciferase. mRBD: SARS-CoV-2-RBD mRNA. mRBDep;:
SARS-CoV-2-RBDepi MRNA. NC: nanocapsule. TNF-a: tumor necrosis factor-alpha. A significant comparison was
performed using two-way ANOVA followed by Tukey’s multiple comparison tests between groups. p-values < 0.05
were considered statistically significant (*). Values represent the mean + standard deviation (n > 3).

Given the similarities between mRBD and mRBDepi, further exploration was conducted. In
an effort to discern differences between these two mRNA constructs, additional cytokine
responses were examined, including not only TNF-a but also interleukin-2 (IL-2), also involved
in T cell responses (Figure 13, top) [45]. NC-4-DX-mRBD depicted higher levels of IL-2
produced by CD8" T cells compared to NC-4-DX-mRBDepi (Figure 13, bottom left), which
influenced the overall CD8" T cell response (Figure 13, top). NC-4-DX-mRBDepi exhibited
higher levels than the control group, but these differences were not statistically significant.

Moreover, levels of CD107a were determined (Figure 13, bottom right). CD107a, or
LAMP-1 (lysosomal-associated membrane protein-1) is a marker of cellular immunity
activation, and cytotoxic degranulation associated with natural killer (NK) cell activity [46].
Similar to the previous scenario, levels of CD107a were significantly elevated in the case of the
CD8" T cell responses induced by NC-4-DX-mRBD.

In conclusion, when comparing mT, mRBD, and mRBDeyi, differences were observed
depending on the type of T cell. In the case of CD4" T cell responses, it appears that NC-4-DX-
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mT generated an overall higher response than the other NC-4-DX-mRNA investigated,
however, variations between different animals were noted, which could lead to an inaccurate
interpretation of this conclusion. Regarding CD8" T cell responses, all three MRNAs evaluated
elicited immune responses greater than those observed in the control groups, although NC-4-
DX-mRBD and NC-4-DX-mRBDepi seemed to induce higher cellular responses. When
comparing mRBD and mRBDepi, greater immune responses were observed following the
administration of NC-4-DX-mRBD in both CD4" and CD8" T cells.

3.4.2. Cellular responses after intramuscular administration of NC-4-DX containing
combinations SARS-CoV-2 derived mMRNAs

Lastly, the immune responses of combinations of different mMRNAs derived from SARS-
CoV-2, associated to NC-4-DX (N/P ratio 2:1), were evaluated. The intramuscular injection
schedule followed the same protocol as discussed in section 3.4.1, where 10 pg of each mRNA
was administered, resulting in a total dose of 20 ug. The injections involved combinations of
NC-4-DX-mT with NC-4-DX-mB, -mRBD, and -mRBDepi, respectively. A nanocarrier control
was included, represented by NC-4-DX-mLuc.

The results showed significantly superior CD8" cellular responses as compared to CD4+
responses, these differences being particularly significant in the combinations with mRBD and
mRBDepi (Figure 14, top). In these studies, the cytokines explored were IFN-y, TNF-a, and IL-
2 (Figure 14, bottom left, center, and right, respectively). Significant increases in IFN-y
secreting levels were noted in the combination of mT with mB when compared to the
nanocarrier control group and the other mMRNA combinations explored (Figure 14, bottom left).
Additionally, the combination of mT and mRBD resulted in significantly higher levels of IL-2
when compared to the control group (Figure 14, bottom right).

In summary, greater immune responses were elicited when combinations of mMRNA were
administered. However, this effect can also be attributed to the higher dose administered (10
png of mRNA for a single mRNA versus 20 ug of mRNA for the mRNA combinations).
Furthermore, predominantly observed were CD8" cellular responses, with mRBD (alone or in
combination with mT) shown to induce the highest immune response among the various SARS-
CoV-2 derived mRNA explored.
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Figure 14. CD4* and CD8* T cell responses (top) considering IFN-y, TNF-a, and IL-2 (bottom, left, center,
and right, respectively)

Abbreviations: DX: dextran sulfate. IFN-y: interferon gamma. IL-2: interleukin-2. mB: SARS-CoV-2-B cells mRNA.
mLuc: mRNA encoding luciferase. mRBD: SARS-CoV-2-RBD mRNA. mRBDepi: SARS-CoV-2-RBDepi MRNA. mT: SARS-
CoV-2-T cells mRNA. NC: nanocapsule. TNF-a: tumor necrosis factor-alpha. A significant comparison was
performed using two-way ANOVA followed by Tukey’s multiple comparison tests between groups. p-values < 0.05
were considered statistically significant (*). Values represent the mean + standard deviation (n > 3).

4. CONCLUSIONS

Overall, we have developed around 100 different nanocarriers, and successfully identified
several prototypes capable of encapsulating and transfecting various types of mRNA, while
meeting the established TPP criteria, in terms of physicochemical properties and stability.
Among them, NC-4-DX emerged as our most promising candidate, capable of inducing
significant levels of specific cellular immune responses following intramuscular administration
of SARS-CoV-2-derived mRNAs. We also explored combinations of different mRNAs,
resulting in similar overall CD4* and CD8" cellular immune responses. These findings
showecase the potential of NEs and NCs as vaccine delivery systems.
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5. SUPPLEMENTARY INFORMATION

Supplementary Table 1. Physicochemical properties of developed nanoemulsions and nanocapsules, before

and after the freeze-drying process, using different mRNAs

Nanosystem  mRNA Condition Particle PDI C-Potential
diameter (nm) (mV)
NE-3 mGFP Before FD 93 0.12 +36
Trehalose 10% 387 0.42 +28
Sucrose 10% 122 0.20 +34
mLuc Before FD (n = 2) 112 £ 16 0.17 £ 0.01 +35+6
Trehalose 10% 368 1
Sucrose 10% 143 0.17 +36
Sucrose 20% 100 0.18 +35
mOVA Before FD 99 0.16 +45
Glucose 10% 162 0.22
Glucose 20% 88 0.22
NE-4 mGFP Before FD 128 0.11 +42
Trehalose 10% 169 0.20 +46
Sucrose 10% 168 0.17 +42
mLuc Before FD 123 0.22 +45
Sucrose 20% 116 0.14 +44
mOVA Before FD 127 0.11 +42
Sucrose 10% 190 0.11
Sucrose 20% 118 0.09
NC-3-PR mGFP Before FD 154 0.11 +28
Trehalose 10% 174 0.17 +29
Sucrose 10% 207 0.17 +24
mLuc Before FD 179 0.16 +24
Trehalose 10% 180 0.16 +24
Sucrose 10% 213 0.20 +25
NC-4-PR mGFP Before FD 168 0.10 +27
Trehalose 10% 185 0.07 +31
Sucrose 10% 191 0.07 +31
NC-4-DX mLuc Before FD 139 + 21 0.14 £ 0.05 -19+4
Sucrose 10% 162 + 20 0.12 + 0.07 -30 £ 11
mOVA Before FD (n = 2) 1323 0.07 £ 0.03 -16 £ 2
Sucrose 10% 263 0.05
Sucrose 20% 183 0.08 -32
Glucose 20% 173 0.13
mT Before FD (n = 2) 115+ 2 0.07 £ 0.01 17 £1
Sucrose 10% 148 0.1 -23
Sucrose 20% 147 0.09 -21

Abbreviations: DX: dextran sulfate. FD: freeze-drying. mGFP: mRNA encoding GFP. mLuc: mRNA encoding
luciferase. mOVA: mRNA encoding ovalbumin protein. mT: SARS-CoV-2-T cells mRNA. NE: nanoemulsion. NC:
nanocapsule. PDI: polydispersity index. PR: protamine sulphate EP. Values represent the mean + standard
deviation (n = 3, unless indicated otherwise or no standard deviation is indicated).
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Supplementary Table 1. Physicochemical properties of developed nanoemulsions and nanocapsules, before
and after the freeze-drying process, using different mRNAs (continuation)

Nanosystem mRNA Condition Particle PDI (-Potential
diameter (nm) (mV)
NC-4-DX mRBD Before FD (n = 2) 114+ 5 0.11 £0.01 -18+2
Sucrose 10% (n = 2) 136 + 18 0.07 + 0.04 -16 £ 4
MRBDepi Before FD (n = 2) 116 + 2 0.08 + 0.01 17 £ 1
Sucrose 10% (n = 2) 137 + 20 0.06 + 0.04 207
mT + mB Before FD 114 +1 0.09 + 0.02 -16 + 1
Sucrose 10% 174 + 30 0.14 + 0.04 -19+2
Sucrose 20% 139 + 10 0.12 £ 0.02 212
mT + mRBD Before FD (n = 2) 105 + 1 0.09 + 0.01 -19+4
Sucrose 20% (n = 2) 143 £ 9 0.05 + 0.02 21 +7
mT + mRBDepi Before FD (n = 2) 106 + 1 0.10 £ 0.01 17 £ 4
Sucrose 20% (n = 2) 120 £ 16 0.06 +0.01 21 +4

Abbreviations: DX: dextran sulfate. mB: SARS-CoV-2-B cells mRNA. mRBD: SARS-CoV-2-RBD mRNA. mRBDepi:
SARS-CoV-2-RBDegpi. mT: SARS-CoV-2-T cells mRNA. NC: nanocapsule. PDI: polydispersity index. Values represent
the mean * standard deviation (n = 3, unless indicated otherwise or no standard deviation is indicated).
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Supplementary Figure 1. Cytotoxicity (left) and GFP transfection efficiency (right) of NE-5-mGFP, NC-5-DX-
mGFP, and NC-5-PP-mGFP (left), at different mGFP concentrations. Percentage of GFP positive cells (right
figure, left axis) and mean fluorescence intensity (right figure, right axis) in HeLa cells, 24 hours post-
transfection

Abbreviations: DX: dextran sulfate. mGFP: mRNA encoding GFP. NE: nanoemulsion. NC: nanocapsule. PC:
positive control, lipofectamine. PEG-PGA or PP: PEG (5 kDa)-b-PGA (10) (Na). (n = 1).
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Supplementary Figure 2. Cytotoxicity (top) and GFP transfection efficiency (bottom) of NE-3-mGFP, NE-4-
mGFP, NC-3-PR-mGFP, NC-4-PR-mGFP, NC-3-DX-mGFP, NC-4-DX-mGFP, NC-3-CS-mGFP, and NC-4-CS-mGFP
after being treated with FBS (blue) or RNase (red). Percentage of GFP positive cells (bottom figure, left
axis) and mean fluorescence intensity (bottom figure, right axis) in HeLA cells, 24 hours post-transfection

Abbreviations: CS: chitosan. DX: dextran sulfate. mGFP: mRNA encoding GFP. NE: nanoemulsion. NC:
nanocapsule. PC: positive control, lipofectamine. PR: protamine sulphate EP. Values represent the mean *
standard deviation (n = 3).
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Supplementary Figure 3. Cytotoxicity (top) and GFP transfection efficiency (bottom) of NE-3-mGFP, NE-4-
mGFP, NC-3-PR-mGFP, and NC-4-PR-mGFP, resuspended after the freeze-drying process. Percentage of
GFP positive cells (right figure, left axis) and mean fluorescence intensity (right figure, right axis) in HeLA
cells, 24 hours post-transfection

Abbreviations: mGFP: mRNA encoding GFP. NE: nanoemulsion. NC: nanocapsule. PC: positive control,
lipofectamine. PR: protamine sulphate EP. Values represent the mean * standard deviation (n > 3).
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NC-3-PR NE-4 NE-3

NC-4-DX

Supplementary Figure 4. Luciferase fluorescence signal detected by IVIS using NE-3mLuc, NE-4-mLuc, NC-
3-PR-mLuc, and NC-4-DX-mLuc (prepared by bulk mixing), at different time points (6, 24, and 48 hours),
after intramuscular administration

Abbreviations: DX: dextran sulfate. mLuc: mRNA encoding luciferase. NE: nanoemulsion. NC: nanocapsule. PR:
protamine sulphate EP.
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NC-4-PP NC-4-DX NE-4
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Supplementary Figure 5. Luciferase fluorescence signal detected by IVIS using NE-4-mLuc, NC-4-DX-mLuc,
NC-4-PP, and NC-5-PP (prepared by microfluidic mixing) at different time points (6, 24, and 48 hours),
after intramuscular administration

Abbreviations: DX: dextran sulfate. mLuc: mRNA encoding luciferase. NE: nanoemulsion. NC: nanocapsule. PEG-
PGA or PP: PEG (5 kDa)-b-PGA (10) (Na). PR: protamine sulphate EP.
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1. OVERALL DISCUSSION

Gene therapies are emerging and groundbreaking solutions for a wide range of medical
challenges, owing to their ability to influence, inhibit, or modify the expression of specific
crucial genes involved in the progression and development of certain diseases [1,2]. Over the
past few decades, numerous chemical modifications have been used to optimize
oligonucleotides, aiming to improve their efficacy, protection, or delivery capabilities [3,4].
Despite these advancements, delivery systems remain pivotal components of the genetic
therapy strategies, aiming to reach diverse tissues and enhance the stability and protection of
oligonucleotides [5,6]. For instance, lipid nanoparticles (LNPs) are the most well-known
nanocarriers for ribonucleic acid (RNA) delivery [7,8]. However, LNPs are mainly delivered
to the liver, limiting their use in other tissues or diseases. Consequently, alternative nanocarriers
or delivery strategies are being explored to improve the delivery and applications of genetic
therapeutics [5,9].

Within the framework of this work, we have developed various nanoemulsions (NE) and
nanocapsules (NCs) as carriers for different genetic cargos, including small interfering RNA
(SIRNA), microRNA-mimics (miRNA) and messenger RNA (mRNA), intended for delivery
into the central nervous system (CNS) or deployment as vaccines. Our group was among the
first to develop polymer-based nanocarriers for polynucleotide delivery. Some of these
nanocarriers were intended to deliver plasmid deoxyribonucleic acid (b DNA) across ocular and
respiratory mucosa [10-12]. More recently, we developed encapsulated polymeric
nanocomplexes for the nose-to-brain (N-to-B) delivery of miRNA. These nanocarriers were
found to have access to distinct brain regions and modulate the targeted mRNA levels [13]. In
the area of cancer, we have also designed nanocapsules loaded with miRNA, with the capacity
to modulate the tumor microenvironment [14]. Finally, we have explored the functionalization
of LNPs for the targeted delivery of siRNA in a lung tumor animal model. The results showed
an increased tumor accumulation and a significant reduction of tumor growth as compared to
the untargeted nanocarriers [15].

Moreover, our laboratory has decades of experience in the field of vaccinology. Initially,
efforts were made to design poly(lactic acid) microparticles and different derivatives for the
development of a single-dose vaccine against tetanus toxoid [16,17]. Building upon this
foundation, we have developed various polymeric NPs and NCs aimed at modulating the
immune response against multiple pathogens, including tetanus toxoid, hepatitis B, and
uropathogenic E. coli, following either parenteral or nasal administration [18-27]. More
recently, we have designed a human immunodeficiency virus (HIV) vaccine, comprising a
polysaccharide NP for peptide antigen delivery, yielding promising immune responses and
protection against viral infection in macaques following nasal administration [28].

Considering this background, this PhD thesis is organized into three different chapters,
each addressing the following topics:

1. The design of ionizable NEs for facilitating the diffusion of diverse
oligonucleotides within the brain.

2. The development of NEs and polymeric NCs for the N-to-B and
intracerebroventricular (ICV) delivery of siRNA.
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3. The potential of NEs and polymeric NCs as a vaccine against the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).

1.1. IONIZABLE NANOEMULSIONS FOR RNA DELIVERY IN THE BRAIN

Among the numerous challenges associated with the delivery of genetic material to the CNS, a
major hurdle that remains unaddressed is the limited diffusivity of nanoparticles. For example,
the current gold standard for RNA delivery, LNPs, can only diffuse approximately 1-1.5 mm
from the site of injection in the brain [29,30]. This restricted mobility can be attributed to the
dense inner core of the LNPs, which confers relatively high rigidity to these nanocarriers [31].

Given this context, our hypothesis is founded on the combination of the potency of the
LNPs, with more fluid and deformable cores, similar to those present in NEs, to engineer the
next generation of ionizable NEs (iNEs) (Figure 1). The designed iNE consisted of a classical
LNP containing C12-200 as an ionizable lipid, known for enhancing the endosomal scape [32].
The substitution of cholesterol with an oil (Vitamin E) was intended to enhance the core
flexibility.
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Figure 1. Hypothetical schematic representation of LNPs (left), NEs (middle), and iNE (right)
Abbreviations: iNE: ionizable nanoemulsion. NE: nanoemulsion. LNP: lipid nanoparticle. Created with
https://biorender.com.

To prove the versatility of the developed iNE, various types of oligonucleotides were used
to formulate the nanocarrier (Table 1). Notably, no significant differences in physicochemical
properties were found across all formulations, with consistent sizes around 70 nm and neutral
surface charges. Moreover, regardless of oligonucleotide type, over 80% of the RNA was fully
encapsulated within the iNE. Importantly, these properties remained unchanged after subjecting
the iINE to a more than 9-fold concentration process. This highlights the multifunctionality of
the INE, capable of entrapping various types of nucleic acids without altering their
physicochemical characteristics.
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Table 1. Physicochemical properties of iNE developed, in combination with siGFP, mGFP, and miR-132

Type of RNA Size (nm) PDI (-Potential (mV) Encapsulation efficiency (%)
siGFP 64+7 0.23 £0.03 -2+ 1 80-90
miR-132 607 0.2 £0.05 -1 x1 80-90
mGFP 729 0.17 £ 0.07 4x2 80-90

Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay.
Abbreviations: GFP: green fluorescence protein. mGFP: mRNA encoding GFP. miR-132: miRNA-132 mimic. PDI:
polydispersity index. siGFP: siRNA anti-GFP. Values represent the mean + standard deviation (n > 3).

The diffusivity potential of the developed iNE was assessed in an Alzheimer’s disease
mouse model, using miRNA-132 mimic (miR-132) as the nucleic acid cargo (Figure 2). miR-
132 is known to be downregulated in Alzheimer’s disease progression, and restoring it in the
hippocampus can restore neurogenesis and memory deficits in Alzheimer’s disease animal
models [33]. INE-miR-132 was administered to the dentate gyrus (DG), a region severely
affected by Alzheimer’s disease, and miR-132 levels were determined in both the DG and the
Cornu Ammonis (CA), a surrounding hippocampus region [34,35]. For comparison, the
classical LNP used in Ompattro® was employed to encapsulate miR-132, given its established
reputation as a nanocarrier for RNA interference (RNAI) delivery [36,37].

1500 [ 1
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300 L i M

20 +
10

Fold change of miR-132

DG CA

== iNE-miR-control (300 pmol) == iNE-miR-control (75 pmol)

== NE-miR-132 (300 pmol) = iNE-miR-132 (75 pmol)

— LNP-miR-control (160 pmol)
== | NP-miR-132 (160 pmol)

Figure 2. Semi-quantitative real-time PCR of miR-132 levels in the DG and surrounding CA regions, 48
hours post-injection of iNE (at a dose of 300 pmol in red, and 75 pmol in blue) and LNPs (green), loaded
with miR-132 (bright color) or miR-control (pale color)

Abbreviations: iNE: ionizable nanoemulsions. LNP: lipid nanoparticle. miR-132: miRNA-132 mimic. A significant
comparison was performed using two-way ANOVA followed by Turkey’s multiple comparison tests between
groups. p-values < 0.05 were considered statistically significant (*). Also, (**) if p-value < 0.01, (***) if p-value <
0.001. Values represent the mean + standard deviation (n > 3).
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Various miR-132 concentrations were tested: 300 and 85 pmol for the INE, and an
intermediate concentration of 160 pmol for the LNP. In all cases, a miR-control was employed
to discern if miR-132 levels were influenced by other regulatory pathways. iNE exhibited a
significant accumulation in the DG, followed by diffusion to the CA in a dose-dependent
manner, indicating specific modulation of miR-132 levels. At the highest concentration tested
(300 pmol), iINE-miR-132 demonstrated a more than 600-fold increase in miR-132 levels in the
DG, and over 400-fold increase in CA, highlighting the diffusion potential of the carrier. Even
at the lowest concentration (75 pmol), iINE-miR-132 induced an approximately 300-fold
increase in both the DG and the CA, surpassing the performance of LNP-miR-132, tested at a
higher concentration (160 pmol). These results emphasize the diffusivity capacity of iNE,
compared to classical LNPs, allowing them to efficiently reach different brain regions.

To further assess the diffusivity of iNEs, intra-parenchymal administration was performed
with INE-mRNA encoding green fluorescence protein (mGFP) (Figure 3). The results showed
a substantial diffusion of the iINE from the administration site to various brain regions, along
with a successful cellular transfection. Overall, these findings confirm the diffusion and
transfection efficiency within the injected hemisphere reaffirming the potential of iNEs for
RNA brain delivery.

Figure 3. Double immunolabeling in the whole brain for GFP (red) and astrocytes (marked with GFAP,
green), after intraparenchymal administration of iNE-mGFP. Hoechst was used as nuclei marker (blue)

Abbreviations: GFAP: glial fibrillary acidic protein. GFP: green fluorescence protein. iNE: ionizable
nanoemulsion. mGFP: mRNA encoding GFP.
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Figure 4. Immunolabelling for GFP in neurons (labeled with Blll-tubulin), astrocytes (labeled with GFAP),
and microglia (labeled with Iba-1) cells in rats after intraparenchymal administration of control or iNE-
mGFP. Hoechst was used as nuclei marker

Abbreviations: BllI-tubulin: class Il B-tubulin. GFAP: glial fibrillary acidic protein. GFP: green fluorescence
protein. Iba-1: ionized calcium-binding adaptor molecule 1. iNE: ionizable nanoemulsion. mGFP: mRNA encoding
GFP.
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Finally, the images in Figure 4 show the GFP signal in neurons and microglia, thus
indicating the uptake of the INE-mGFP by these cell types and subsequent translation of the
reporter fluorescence protein. This behavior was less prominent in astrocytes, suggesting the
specificity of iINE uptake by neurons and microglia. These findings hold promise for treating
neuron-specific conditions, like amyotrophic lateral sclerosis (ALS), or diseases related to
microglia malfunction, such as Alzheimer’s disease or Parkinson’s discase [38,39]. However,
the explanation for this preferred uptake by neurons and microglia remains unclear at this point.

In brief, this part of the thesis outlines the development of an iNE as a novel highly
diffusive nanocarrier for RNA delivery to the brain. Nevertheless, further studies are required
to validate this potential for treating CNS diseases, such as Alzheimer’s or Parkinson’s diseases.
Additionally, the exploration of less invasive administration routes that do not imply direct
brain injection, such as N-to-B, could be a promising avenue for further research.

1.2. NANOEMULSIONS AND POLYMERIC NANOCAPSULES FOR NOSE-TO-BRAIN AND
INTRACEREBROVENTRICULAR DELIVERY OF SIRNA

Access to the CNS is primarily impeded by the presence of the blood-brain barrier (BBB),
which plays a fundamental role in maintaining CNS homeostasis. However, this defense
mechanism presents a significant challenge for delivering therapeutics into the brain [40-43].
Overcoming the BBB is a major challenge in CNS disease therapy, and researchers have
explored various technological approaches to facilitate transport into the brain [44,45]. Among
these approaches, the use of alternative delivery routes in combination with delivery systems
has the potential to revolutionize CNS disease treatment. These methods aim to facilitate the
delivery of biological cargo, including RNA therapeutics, using less invasive delivery routes
and improving their ability to diffuse within different regions of the brain.

To achieve a successful siRNA delivery into the CNS, we have developed a library of NEs
and polymeric NCs capable of encapsulating, protecting, and delivering siRNA to the CNS.
These nanocarriers can be administered through promising alternative routes, including N-to-B
and ICV administrations. Initially, we conducted a screening to select adequate oils and
surfactants, aiming to generate a collection of nanocarriers with specific characteristics: a
particle size below or around 100 nm, reproducible and scalable production, various surface
charges (including positive, negative, and neutral), a final SIRNA concentration of at least 0.25
mg/mL, and stability of at least one-month at 4 °C. Five different NEs met these requirements
in terms of particle size (bellow 100 nm) and surface charge (positively charged), with an
overall encapsulation efficiency close to 100% (Table 2). Among these NEs, NE-2 was
successfully functionalized with the rabies virus glycoprotein (RVG), which facilitates cellular
entry and virus fusion and has the capacity to bind to the nicotinic acetylcholine receptor,
present in the CNS [46].

Due to their small particle size, NE-2 and NE-3 were selected for further coating with a
polymeric shell, resulting in the formation of sSiRNA-loaded NCs (Table 3). Various polymers
were employed to formulate these NCs, including polyethylene glycol-polyglutamic acid (PEG-
PGA), hyaluronic acid (HA), polysialic acid (PSA), and chitosan (CS). The resulting
nanocarriers exhibited a range of particle sizes and surface charges, spanning from highly
negative (as in the case of NC-3, with a surface charge of -48 mV, attributed to the external HA
coating), to highly positive (as seen in MNC-1, consisting of a double polymeric layer of HA
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and CS, resulting in a surface charge of +49 mV). Additionally, neutral nanocarriers like NC-1
were obtained, due to the PEG-PGA shell.

Given the potential of these developed nanocarriers, specific candidates were chosen based
on their physicochemical properties for testing in animal models. This involved exploring
alternative administration routes, such as N-to-B and ICV routes.

Table 2. Physicochemical properties of siRNA-loaded NE-1, NE-2, NE-3, NE-4 and NE-5

NE-1 NE-2 NE-2-RVG NE-3 NE-4 NE-5
Composition DOTAP: Vit DOTAP: Vit DOTAP: Vit DOTAP: DOTAP: Vit DOTAP: Vit

E: E: E: Tween Lab™: E: E:

K-HS15® Tween 80 80 + RVG Tween 80 Labrasol® Inulin
Molar ratio 16.9:65.8: 19.4:75.4: 19.4:75.4: 25:56.5: 19.4:75.4: 19.4:75.4:
(mol%) 17.3 5.2 5.1:0.1 18.5 5.2 5.2
Particle 90 + 16 73+10 84 + 37 86 +10 100 + 8 68 +5
diameter (nm)
PDI 0.20 + 0.04 0.20 + 0.04 0.25 + 0.01 0.24 + 0.03 0.18 + 0.01 0.26 + 0.03
(-Potential +51+3 +47 + 4 +57+6 +38+6 +50 + 3 +48 + 2
(mV)
Encapsulation 100 100 100 100 100 100

efficiency (%)
Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane chloride. K-HS15®: Kolliphor®
HS15. Lab™: Labrafac™ Lipophile, WL 1349. NE: nanoemulsion. PDI: polydispersity index. RVG: rabies virus
glyocoprotein. Vit E: D, L-a-tocopherol. Values represent the mean + standard deviation (n = 3).

Table 3. Physicochemical properties of siRNA-loaded NC-1, NC-2, NC-3, NC-4, NC-5 and MNC-1

NC-1 NC-2 NC-3 NC-4 NC-5 MNC-1
Base nanosystem NE-2 NE-2 NE-2 NE-3 NE-3 NC-2
Base DOTAP: Vit  DOTAP: Vit  DOTAP: Vit  DOTAP: DOTAP: DOTAP: Vit
composition E: T80 E: T80 E: T80 Lab™: T80 Lab™: T80 E: T80 + HA
Polymer coating PEG-PGA HA PSA HA PSA CS
siRNA:  polymer 1:2 1:4 - 1:4
ratio (mol/mol)
siRNA:  polymer - - 1:2 - 1:4 1:3.8
ratio (w/w)
Particle 735 87 +6 116 +3 70+ 8 79 £ 11 100 + 16
diameter (nm)
PDI 0.15+0.03 0.15+0.02 0.13+0.03 0.24+0.03 0.23+0.02 0.18 +£0.02
{-Potential (mV) -1+6 -28+2 -48 + 1 -23+5 -44 + 8 +49 + 4
Encapsulation 100 100 100 100 100 100

efficiency (%)
Encapsulation efficiency was measured by agarose gel, and values were corroborated by RiboGreen assay and/or
UPLC analysis. Abbreviations: CS: chitosan. DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane chloride. HA:
hyaluronic acid (40 kDa). Lab™: Labrafac™ Lipophile, WL 1349. MNC: multi-layer nanocapsule. mol/mol: mol to
mol ratio. NC: nanocapsule. NE: nanoemulsion. PEG-PGA: PEG (5 kDa)-b-PGA (10) (Na). PDI: polydispersity index.
PSA: polysialic acid (30 kDa). T80: Tween 80. Vit E: D, L-a-tocopherol. w/w: weight-to-weight ratio. Values
represent the mean + standard deviation (n > 3).
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N-to-B administration of NE-2, NE-2-RVG and NC-5, all containing siRNA-1, resulted in
a noticeable accumulation in the nasal epithelium of all candidates, surpassing the accumulation
observed with the positive control (LY-06D), as depicted in Figure 5 (top left). This increased
retention could potentially facilitate access to the olfactory and trigeminal nerves [47,48].
Notably, only NE-2-RVG and NC-5 demonstrated increased accumulation in the olfactory bulb,
indicating access via the olfactory nerves (Figure 5, top right). These results suggest that
positively charged NPs (NE-2) may become entrapped within the nasal cavity, while negatively
charged or those functionalized with targeting ligands (NC-5 and NE-2-RVG, respectively)
might exhibit an enhanced diffusion into the olfactory bulb. Conversely, minor accumulation
was observed in the trigeminal nerve and frontal cortex (Figure 5, bottom). However, these
results must be interpreted with caution due to the high experimental variability observed.
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Figure 5. Mean percentage injected dose of siRNA-1 per gram (%ID/g) in different nasal and brain regions,
including nasal epithelium (top, left), olfactory bulb (top, right), trigeminal nerve (bottom, left), and
frontal cortex (bottom, right)

Abbreviations: LY-06D: internal positive control. NC: nanocapsule. NE: nanoemulsion. RVG: rabies virus
glycoprotein. Values represent the mean + standard deviation (n > 3).
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Lastly, the formulation named NC-1 was chosen for the evaluation of its diffusion and
transfection performance upon ICV administration, using siRNA-2 as genetic cargo (Figure 6).
This selection was based on its favorable physicochemical properties (73 nm and neutral surface
charge), and the promising results obtained by our group using neutral, PEGylated nanocarriers
for RNA brain delivery [49]. NC-1 resulted in a reduction of the targeted mMRNA levels of over
50% in all the brain areas analyzed. These results hold particular significance when compared
to previous literature on LNPs, which have shown lower reduction of the targeted mRNA levels
with the same administration modality [29]. To the best of our knowledge, this marks the first
time extensive silencing effects have been reported across the entire brain, demonstrating not
only the diffusivity potential of NC-1, but also its capacity for gene silencing.
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Figure 6. Quantitative qPCR of levels of targeted mRNA upon ICV administration of NC-1 encapsulating
siRNA-2, in different brain areas, including the frontal cortex, striatum, hippocampus, brain stem, and
dorsal root ganglion. Results were normalized using a housekeeping gene

Abbreviations: DRG: dorsal root ganglion. NC: nanocapsule. PC: internal positive control. VC: vehicle control
(PBS). A significant comparison was performed using an ordinary one-way ANOVA followed by Tukey’s multiple
comparison tests of PC and NC-1 vs. siRNA-2. p-values < 0.05 were considered statistically significant (*). Also,
(**) if p-value < 0.01, (***) if p-value < 0.001. Values represent the mean + standard deviation (n > 3).

Further observation of SiRNA-2 confirmed the diffusion and distribution profile across the
brain (Figure 7). Interestingly, the diffusion observed surpasses that of the current gold standard
for RNA delivery, LNPs, which have been reported to only diffuse up to 4 mm from the
administration site upon ICV injection [50]. Enhanced diffusion was observed in the areas
proximate to the administration site, such as the striatum and frontal cortex, aligning nicely with
the results obtained by PCR analysis (Figure 6).

To sum up, we have developed a library of multiple NEs and NCs for siRNA delivery to
the brain. Among these candidates, NC-1 resulted in a highly promising nanocarrier for efficient
SiIRNA diffusion and transfection within the brain. Given the preliminary evidence of delivery
to the olfactory bulb following N-to-B administration, the potential applications of the diffusion
and knockdown effects of NC-1 could benefit from less invasive routes, holding even greater
promise for therapeutic use. Altogether, these results hold significant potential for the treatment
of CNS conditions.
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Figure 7. Detection of siRNA-2 in the brain after ICV administration of NC-1. Images were obtained for the
complete brain (top, left), and close-up of the frontal cortex (top, right), the hippocampus (bottom, left),
and the brain stem (bottom, right)

1.3. NANOEMULSIONS AND POLYMERIC NANOCAPSULES AS SARS-CoV-2 VACCINES

On March 11, 2020, coronavirus disease 2019 (COVID-19) attained the status of global
pandemic [51]. Researchers from around the world collaborated to develop vaccines against
SARS-CoV-2, the virus responsible for the disease, which had resulted in over 760 million
cases and 8 million deaths worldwide [52-54]. This collective effort led to the approval of two
messenger RNA (mRNA) vaccines, Comirnaty® and Spikevax®, from BioNTech/Pfizer and
Moderna, respectively. Both vaccines demonstrated over 90% protective efficacy against
symptomatic SARS-CoV-2 infection and tolerable safety profiles in phase Il clinical trials
[55,56].

In April 2020, our laboratory joined the COVARNA consortium intending to develop an
MRNA vaccine against SARS-CoV-2. Various mRNA constructs were developed to elicit the
highest possible immune response against the receptor binding domain (RBD) of the spike
protein on the surface of SARS-CoV-2, which is crucial for the virus’ entry into the host cell.
Four distinct mMRNA immunogens were developed as part of this project: mMRNA designed to
stimulate T cell responses (SARS-CoV-2-T cells mRNA or mT), mRNA intended to elicit a B
cell response (SARS-CoV-2-B cells mMRNA or mB), mRNA encoding the RBD domain of the
virus (SARS-CoV-2-RBD mRNA or mRBD) and mRNA encoding a highly immunogenic
motif from the RBD domain (SARS-CoV-2-RBDepi MRNA or MRBDegypi).

As a part of the consortium, we developed approximately 100 different prototypes of NEs
and NCs for the entrapment and delivery of mRNA constructs. Among these prototypes, 15
were selected based on their ability to meet the target product profile criteria, including a
particle size of less than or approximately 200 nm, excellent particle monodispersity, high
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MRNA association efficiency, stability or potential for lyophilization, and compliance with the
regulatory agency requirements (Table 4).

Table 4. Summary of the lipid compositions and molar ratios between the different components of the NEs
(top) and NCs (bottom) investigated that successfully fulfill the target product profile

Nanosystem Lipid composition Molar composition (%)

NE-1 DOTAP: DOPE: Vit E 16.8: 15.7: 67.5

NE-2 DOTAP: DOPE: Vit E 40.7: 11.2: 48.1

NE-3 DOTAP: DOPE: Vit E: Tween 80 38.1: 10.5: 45.1: 6.4

NE-4 DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9

NE-5 DOTAP: DOPE: Vit E: T80 46.2: 9: 35.6: 9.3

Nanosystem Initial NE composition Molar composition (%) Polymer coating w/w ratio
NC-1-PR DOTAP: DOPE: Vit E 16.8: 15.7: 67.5 Protamine 1:1
NC-3-PR DOTAP: DOPE: Vit E: Tween 80 38.1: 10.5: 45.1: 6.4 Protamine 1:1
NC-4-PR DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9 Protamine 1:1
NC-3-DX DOTAP: DOPE: Vit E: Tween 80 38.1: 10.5: 45.1: 6.4 Dextran Sulfate 1:1
NC-4-DX DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9 Dextran Sulfate 1:1or2:1
NC-5-DX DOTAP: DOPE: Vit E: Tween 80 46.2: 9: 35.6: 9.3 Dextran Sulfate 2:1
NC-3-CS DOTAP: DOPE: Vit E: Tween 80 38.1: 10.5: 45.1: 6.4 Chitosan 1:1
NC-4-CS DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9 Chitosan 1:1
NC-4-PP DOTAP: DOPE: Vit E: Tween 80 17.3: 8.1: 69.7: 4.9 PEG-PGA 12: 1
NC-5-PP DOTAP: DOPE: Vit E: Tween 80 46.2: 9: 35.6: 9.3 PEG-PGA 12: 1

Abbreviations: CS: chitosan. DOPE: 1,2-dioleoyl-3-trimethylammonium-propane chloride. DOTAP: 1,2-dioleoyl-
3-trimethylammonium-propane chloride. DX: dextran sulfate. NE: nanoemulsion. NC: nanocapsule. PEG-PGA or
PP: PEG (5 kDa)-b-PGA (10) (Na). PRT: protamine sulphate EP. Vit E: D, L-a-tocopherol. w/w ratio: weight-to-
weight ratio between polymer and mRNA content.

These nanocarriers underwent several evaluations, including in vitro assessments using
multiple cell lines (such as HeLa cells and human dendritic cells, using mGFP) and in vivo
intramuscular administration of model mMRNAs (mMRNA encoding for luciferase). Overall, NC-
4-DX, which consists of a NE containing DOTAP, DOPE, and Tween 80 (referred to as NE-4)
and is coated with a dextran sulfate (DX) shell, exhibited superior performance compared to
the others. These findings prompted the optimization of the N/P ratios used to prepare NE-4,
and the w/w ratios for the DX shell (Figure 8, left and right, respectively).

Concerning the N/P ratio used, the transition from negatively charged surface to positively
charged occurred at ratios greater than 1:1, as also demonstrated by the agarose gel results. A
decision was made to employ a N/P ratio of 2:1, aiming for complete RNA complexation while
avoiding potential toxicity effects associated with high N/P ratios [57]. Subsequently, NE-4
was employed to explore various weight-to-weight (w/w) ratios between the polymer and the
RNA content. The objective was to reverse the highly positive charge of NE-4 while
maintaining appropriate physicochemical properties. DX has previously been used as an
adjuvant and antigen delivery system, capable of eliciting different T and B cellular responses
[58,59]. Interestingly, no significant changes in particle size were found upon the incorporation
of DX onto the nanocarrier, however, an increment on the negative charge was observed.
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Figure 8. Physicochemical properties (top) and encapsulation efficiency (bottom) of NE-4-tRNA at different
N/P ratios, and NC-4-DX-tRNA at different w/w ratios (left and right, respectively). Particle size
corresponds with the left axis (bars), while surface charge corresponds with the right axis (dots)

Abbreviations: DX: dextran sulfate. NE: nanoemulsion. NC: nanocapsule. N/P ratio: nitrogen to phosphate ratio.
tRNA: transfer RNA. w/w ratio: weight-to-weight ratio between the polymer and tRNA content.

Since NC-4-DX was our primary candidate, entrapment of different mRNAs was
performed to assess its versatility. As indicated in Table 5, the particle size of NC-4-DX ranged
from 105 to 130 nm, depending on the type of MRNA used, with consistently low polydispersity
indices. Furthermore, the surface charge consistently remained negative, ranging from -13 to
-20 mV. In all cases, the encapsulation efficiency exceeded 90%. These findings emphasize the
potential of NC-4-DX as a delivery system for an mRNA vaccine candidate. This is particularly
relevant in the case of SARS-CoV-2, as multiple mutations of the virus have required
adjustments of the mRNA cargo, to maintain sufficient protective efficacy [60].

226



Overall discussion

Table 5. Physicochemical properties of NC-4-DX with different types of mRNAs against SARS-CoV-2

Nanosystem mRNA w/w Particle PDI (-Potential EE
ratio diameter (nm) (mV) (%)
NC-4-DX mOVA 2:1 132+3 0.07 £ 0.03 162 100
NC-4-DX mT 2:1 1M1 +6 0.09 £ 0.02 -15+5 100
NC-4-DX mB 2:1 114+ 5 0.1+0.02 -13£5 100
NC-4-DX mRBD 2:1 109+ 6 0.11 £ 0.01 18 £2 90
NC-4-DX MRBDepi 2:1 113 +6 0.09 + 0.01 -19z+3 90
NC-4-DX mT + mB 2:1 1133 0.10 £ 0.02 -13+4 100
NC-4-DX (n = 2) mT + mRBD 2: 1 105 + 1 0.09 £ 0.01 -19+ 4 90
NC-4-DX (n = 2) mT + MRBDepi 2: 1 106 + 1 0.10 £ 0.01 17 £ 4 90

Abbreviations: DX: dextran sulfate. EE: encapsulation efficiency. mB: SARS-CoV-2-B cells mRNA. mRBD: SARS-

CoV-2-RBD mRNA. mRBDepi:  SARS-CoV-2-RBDepi.

mT: SARS-CoV-2-T cells mRNA. NC:

nanocapsule. PDI:

polydispersity index. w/w ratio: weight-to-weight ratio between polymer and mRNA content. Values represent
the mean = standard deviation (n = 3, unless indicated otherwise).
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Figure 9. Percentage of dextramer-positive cells, obtained by flow cytometer, in the blood (collected on
day 7 post-administration) and the spleen (collected on day 10 post-administration) (top, left), and IFN-y-
producing spot-forming units (SFU) from splenocytes, by ELISpot assay (collected in day 10-post
administration) (top, right). Images of the INFy-producing SFU of mOVA (bottom, left) and NC-4-DX
(bottom, right)

Abbreviations: DX: dextran sulfate. IFN-y: interferon gamma. mOVA: mRNA encoding ovalbumin protein. NC:
nanocapsule. SFU: spot-forming units. A significant comparison was performed using multiple unpaired t-tests

followed by a Welch correction. p-values < 0.05 were considered statistically significant (*). (n > 3).
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The first in vivo assessment of NC-4-DX as mRNA vaccine candidate involved the use of
mRNA encoding the model immunology protein ovalbumin (OVA), known to induce CD8" T
cell responses [61]. NC-4-DX was administered on days 0 and 7, with blood samples collected
on day 7, and spleen samples on day 10. NC-4-DX-mOVA was found to elicit higher levels of
dextramer-positive CD8" T cells than the free mOVA control, both in blood and spleen samples
(Figure 9, top left). These activated CD8" T cells secreted interferon-gamma (IFN-v), a cytokine
involved in the immune response process [62]. Quantification of the IFN-y responses concluded
that NC-4-DX-mOVA induced higher levels of the cytokine compared to the free mOVA
control (Figure 9, top right and bottom). These findings emphasize the significant role of the
NC-4-DX in enhancing the immune responses triggered by the mRNA cargo, as both levels of
CD8" T cells and IFN-y induced by the nanoformulated mOVA surpassed those induced by the
free mOVA control.
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Figure 10. CD4* and CD8* T cell responses (top) considering IFN-y, TNF-a, and IL-2 (bottom, left). C107a
secretion from T cells was also determined (bottom, right)

Abbreviations: DX: dextran sulfate. IFN-y: interferon gamma. IL-2: interleukin-2. mLuc: mRNA encoding
luciferase. mRBD: SARS-CoV-2-RBD mRNA. mRBDepi: SARS-CoV-2-RBDepi mRNA. NC: nanocapsule. TNF-a: tumor
necrosis factor-alpha. A significant comparison was performed using two-way ANOVA followed by Tukey’s
multiple comparison tests between groups. p-values < 0.05 were considered statistically significant (*). Values
represent the mean + standard deviation (n > 3).
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When used as a SARS-CoV-2 vaccine, NC-4-DX was evaluated in terms of the
administration of a single mMRNA (using the mRNAs developed for inducing B cell responses,
namely mRBD and mRBDepi, in Figure 10) or the combination of two mRNAs (one intended
to induce T cell responses, mT, in combination mB, mRBD or mRBDey;, in Figure 11). In all
cases, animals received a prime administration at day 0 and a boost injection at day 21, and they
were subsequently sacrificed and analyzed at day 36.

To distinguish the differences in the immunological responses between mRBD and
mRBDegpi, both constructs were encapsulated onto NC-4-DX, and their CD4" and CD8" T cell
responses were assessed (Figure 10, top). This evaluation revealed an overall stronger immune
response when the construct mRBD was used. This was particularly evident in the case of CD8*
T cell responses, where NC-4-DX-mRBD induced significantly higher responses in terms of
CD8* T cells secreting IL-2 and CD107a, compared to the control group. These two cytokines
play crucial roles in the immune responses mediated by T cells [63,64].
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Figure 11. CD4* and CD8" T cell responses (top) considering IFN-y, TNF-a, and IL-2 (bottom, left, center,
and right, respectively)

Abbreviations: DX: dextran sulfate. IFN-y: interferon gamma. IL-2: interleukin-2. mB: SARS-CoV-2-B cells mRNA.
mLuc: mRNA encoding luciferase. mRBD: SARS-CoV-2-RBD mRNA. mRBDegpi: SARS-CoV-2-RBDepi MRNA. mT: SARS-
CoV-2-T cells mRNA. NC: nanocapsule. TNF-a: tumor necrosis factor-alpha. A significant comparison was
performed using two-way ANOVA followed by Tukey’s multiple comparison tests between groups. p-values < 0.05
were considered statistically significant (*). Values represent the mean + standard deviation (n > 3).
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Finally, the combination of NC-4-DX-mT with different NC-4-DX-mRNA with the
potential to depict B cell responses (-mB, -mRBD, and -RBDepi) was evaluated (Figure 11).
Significant differences were found in overall CD8" T cell responses when NC-4-DX-mT was
combined with both NC-4-DX-mRBD and -RBDepi, compared with the control group (Figure
11, top). In terms of more specific response, the combination of mT and mB significantly
increased the levels of secreted IFN-y, compared to the other tested groups (Figure 11, bottom
left). Additionally, the combination of mT and mRBD formulated onto NC-4-DX led to
significantly higher levels of IL-2, compared to the control group (Figure 11, bottom right).

Overall, the results showed greater immune responses when combinations of mMRNA were
administered. However, it is worth noting that this effect may be partially attributed to the
higher dose administered (10 pug of mRNA for single mRNA administration versus 20 pg of
mRNA for the combinations of mRNA). Moreover, the predominant immune responses
observed were CD8" cellular derived, and mRBD (either alone or in combination with mT) was
found to induce the highest immune response among the explored SARS-CoV-2 derived
MRNA.

In conclusion, this part of the thesis successfully designed and developed over 100
candidates for an mRNA vaccine and identified a potential candidate for a SARS-CoV-2
MRNA vaccine, namely NC-4-DX. This nanocarrier enhanced the levels of specific cellular
immune responses following intramuscular administration of SARS-CoV-2-derived mRNAs.
Further studies must be performed to optimize the potency of NC-4-DX or the mRNA
sequences to elicit immune responses. To sum up, these results emphasize the potential of NEs
and NCs as delivery carriers for mMRNA vaccines.
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Conclusions

The conclusions of the work performed in this thesis have been formulated taking into account
the three primary experimental objectives:

1. With regard to the ionizable NEs for RNA delivery and diffusion in the CNS:

RNA-loaded NEs containing ionizable lipids exhibited a significant diffusion
within the brain, surpassing the diffusion capabilities of LNPs. Furthermore,
transfection was achieved in distant brain areas from the injection site, specifically
targeting neurons and microglia.

2. With regard to the NEs and polymeric NCs loaded with siRNA and the exploration of
alternative routes to access the brain:

NEs and polymer NCs are promising nanosystems for diffusion and transfection in
the brain. Specifically, our selected candidate NC-1 was found to show exceptional
diffusivity upon ICV administration and decreased the mRNA-targeted levels
below 50% in the frontal cortex, striatum, hippocampus, brain stem, and DRG.

3. With regard to the NEs and polymeric NCs as mRNA vaccine candidates against
SARS-CoV-2:

Among the 100 prototypes developed, a formulation named NC-4-DX was
identified as a promising delivery vehicle for mMRNA vaccines against SARS-CoV-
2. Enhanced levels of specific cellular immune responses following intramuscular
administration of NC-4-DX loaded with mRNA derived from SARS-CoV-2 were
found.

Overall, this thesis highlights the considerable potential of NEs and polymeric NCs for
efficient RNA delivery to the brain. It emphasizes the role of nanocarrier composition in the
enhanced diffusion within the CNS and in the modulation of targeted mRNA levels.
Additionally, this thesis contributes to the progress achieved in the development of mRNA
vaccine formulations and underlines the opportunities that exist for the optimization of mMRNA
vaccines through the adequate design of RNA nanocarriers.
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protection of animal used for scientific purposes), and National (RD 53/2013) regulations.
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De ondertekende formulieren sturen naar:
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Aanvraag tot aanpassing aan een

proefdierexperiment — application for a
modification to an animal experiment

KATHOLIEKE
UNIVERSITEIT
LEUVEN

Laboratorium (laboratory): Laboratory for the Research of Neurodegenerative Diseases
Erkenningsnr laboratorium (/icense number): LA1210596

Laboratoriumdirecteur (laboratory director): Bart De Strooper
Projectnummer (project number): 286/2014

Titel van het onderzoeksproject (fitle of the research project):

miR-132 role in mammalian neurogenesis

Gelieve aan te geven om welke aanpassing het gaat (please indicate what the modification is about)
[[] Verlenging van het project (maximum 1 jaar, voor verlenging van meer dan 1 jaar dient een volledig dossier te worden
ingevuld) (change in duration of the project, max 1 year allowed)  Begindatum/starting date: 1 Einddatum/end date:

[[] Wijziging in techniel/manipulatie/change in technique or manipulation

[X] Wijziging in proefdieren — extra dieren nodig — inschatting pijn, lijden en letsel/ change in animals — need for extra

animals - estimate of pain, su,

ffering and lasting harm

Aantal Diersoort Gemiddelde duur van de proef | Gemiddelde duur van pijn, lijden | Graad van pijn, lijden en letsel (geen,
number |  species and strain (dagen, weken, maanden) en letsel (dagen, weken, maanden) | gering, matig, ernstig, ondefinicerbaar)
Mean duration of the Mean duration of pain, suffering and Estimate of pain, suffering and lasting
experiment (days, weeks, lasting harm (days, weeks, months) harm ((none, low, moderate, severe,
months) undefinable)

301 | APPswe/PSIL166P |30 days 30 days Severe*

301 | C57BL/6 30 days 30 days Severe*

301 | APP-NLGF 30 days 30 days Severe*

*The additional possible burden due to behavioral testing was encountered

Motivatie voor de gevraagde aanpassing en van het aantal benodigde dieren of motivatie voor en beschrijving van de
aangepaste technieken/ justification for the modification and the number of animals and justification for the modified techniques

Motivation

radial glial progenitors i

microRNAs have indispensable roles in the development and functioning of the nervous system. microRNA-132 (miR-132) has
been shown to be a crucial regulator of neuronal plasticity and its deficiency is observed in several ieurodegeherative disorders

including Alzheimer’s and Huntington’s disease. We recently reported a novel role for miR-132 in the cell fate specification of

nic zebrafish spinal cord (Salta et al, 2014, DevCell). We have followed up on these

observations to further study the regulatory function of miR-132 in mammalian neurogenesis.

To achieve this, we have performed initial experiments making use of an adult neurogenesis mouse paradigm which is based on
the inductive effect of physical exercise (housing with a running wheel) on adult neurogenesis in the subgranular zone of dentate
gyrus. This currently constitutes the most well accepted system to study adult neurogenesis and it cannot be replaced by any in
vitro model. Subsequently, we manipulated the levels of miR-132 by intracerebroventricular (ICV) injections (miR-132

be able to perft

memory and cognition, an

accurate statistical analysis,

mimics/antagomiRs) and assessed the effect of miR-132 gain- and loss-of-function on the glial progenitor proliferation and
neuronal differentiation in the adult mammalian brain. Possible alterations were assessed biochemically and histologically.
These initial experiments (which were primarily used to help establish the most appropriate experimental conditions) provided
preliminary evidence that A. miR-132 responds to the induction of adult hippocampal neurogenesis by becoming upregulated, B.
is required for adult neurogenesis to oceur (miR-132 knockdown in C57/B16 mice inhibits neural stem cell proliferation) and C. is
sufficient for the induction of adult neurogenesis (miR-132 overexpression in APPPS1 mice restores levels of neural stem cell
proliferation in the dentate gyrus).
We now aim at:é; ponfirming these findings by increasing the number of animals for each experiment (APPPS1 and C57/BI6) to
alidating these initial data in a non overexpressing (knock-in) and therefore
more physiologically relevant AD mouse model, namely the APP-NLGF mice@assessing the effect of these manipulations on

_ftesting an alternative non invasive delivery routeof miR-132 into the brain (intranasal instillation)

and its effect on memory and cognition to assess the possible therapeutic potential of miR-132 targeting in AD.

This project represents a thorough study of the role of miR-132 in radial glial stem cells of the adult brain both in health and




Ethical considerations

disease and explores the therapeutic potential of miR-132 replacement therapy in AD.

Statistics

For sample size estimation, the following online algorithm combined with our lab’s previous experience on the expected within-group
variability in the described experimental set-ups was used:

www.stat.ube.ca/~rollin/stats/ssize/n2.html

Mean and standard deviation values were derived from the already performed pilot experiments. Since for each experimental set-up a series of
analyses will be performed, the read-out exhibiting the highest standard deviation was considered for power analysis (sce below for
specifications). On certain occasions the results will be further controlled for multiple testing by applying the Benjamini-Hochberg correction to
minimize the false discovery rate (FDR) [e.g. in real-time PCR for multiple microRNAs (to assess off-target effects) or for in sifu quantification
of multiple cell populations].

*In order to minimize the total number of animals used, biochemical (protein and RNA analysis) and histological analysis
(immunofluorescence and ISH) will be performed in the same samples (2 hemispheres are differentially processed), which will be
obtained following the voluntary running period or the behavioral testing.

>> Running+Biochemistry+ Histology OR Behavioral testing+Biochemistry+Histology
* The same experimental approach and therefore statistical analysis are used for all three strains

* One additional animal per experiment per genotype was eventually calculated in case of experimental drop-out (please see
Summary Table)

Basis for sample size caleulation: % of BrdU-positive cells co-staining for neuronal or glial markers
Statistical analyses to be applied: 2-way Anova (with Tukey’s multiple comparison post hoc test)
Statistical significance: 0.05

Power: 0.90

Mean of population 1: 10

Mean of population 2: 21.5

Common standard variation: 8.5

Sample size: n=12/group

-48 animals per injection experiment are needed:

With running (n=) Without running (n=)
Control injection 12 12
miRNA manipulation 12 12
Grant total / genotype 48

The miRNA manipulation will entail a miR-132 antisense (AS) treatment for C57BL/6 mice and miR-132 overexpression for
APPPS1 and APP-NLGF mice.

Sfl]‘lg§ 2 behavioral testing rounds with 2 distinct animal cohorts/genotype have to be carried out, due to the
fact that miR-132 expression change upon ICV injection persists only for 2 wk (mice have to be re-injected bi-weekly for I month prior to
behavioral testing). This means that if all the behavioral tests were to be combined in one cohort of mice (i.e. open fiel + T-maze + contextual
fear conditioning + Morris water maze -> 3 wk testing), mice would have to be re-injected in the middle of the the testing period. Since this
would interfere with the subsequent behavioral testing (due to unwanted side effects possibly b of oligonucleotide differential dosing), we
will assign 2 different groups to the different behavioral tests, trying to combine as many compatible tests as possible: 1 cohort will be tested in
open field + T-maze + contextual fear conditioning, while the other cohort will be tested in Morris water maze. The three genotypes will be
tested independently in distinct testing rounds.

A. 1* testing round — Open field/T-maze/Contextual fear conditioning (44 animals/genotype):
Basis for sample size calculation: % freezing values in contextual fear conditioning testing

Statistical analyses to be applied: Student’s t-test

Statistical significance: 0.05

Power: 0.90

Mean of population 1: 40

L
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Mean of population 2: 50
Common standard variation: 10
Sample size: n=22/group . O \(

-44 animals per genotype will be used:
22x control injections
22x miR-132 or miR-132 AS injections

B. 2" testing round —Morris water maze (50 animals/genotype):
Basis for sample size calculation: % of time in TQ

Statistical analyses to be applied: Student’s t-test

Statistical significance: 0.05

Power: 0.90

Mean of population 1: 42

Mean of population 2: 29 0 K

Common standard variation: 14

Sample size: n=25/group

-50 animals per genotype will be used:
25x control injections
25x miR-132 or miR-132 AS injections

Intranasal instillation — technical optimization (60 animals/genotype);g ]

Initially we have to troubleshoot/optimize the intranasal delivery method, since this is a newly-implemented technique in our lab.
In this case, miR-132 will be overexpressed (and not down regulated) in WT mice to assess the baseline beneficial effects of miR-
132 on memory. The optimization of the administration scheme has to be conducted independently for the 3 genotypes as the
olfactory mucosa (and thus the uptake of the miR-132 oligonucleotide by the olfactory nerve terminals) might be differentially
affected in each of them.

The following conditions will be tested:

-5 timepoints post intranasal instillation

-6 treatments (control & miR-132 using 3 different carriers)

-2 mice/treatment/timepoint

>>2 mice * 5 timepoints * 6 treatments = 60 mice for protocol optimization/genotype.

Intranasal instillation — |

-2 behavioral testing rounds with 2 distinct animal cohorts have to be carried out, for similar reasons to the ones discussed earlier.

A. 1% testing round — Open field/T-maze/Contextual fear conditioning (44 animals/genotype):
Basis for sample size calculation: % freezing values in contextual fear conditioning testing

Statistical analyses to be applied: Student’s t-{est

Statistical significance: 0.05

Power: 0.90

Mean of population 1: 40

Mean of population 2: 50

Common standard variation: 10
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Sample size; n=22/group

-44 animals per genotype will be used:
22x control injections
22x miR-132 or miR-132 AS injections

B. 2™ testing round —Morris water maze (50 animals/genotype):

Basis for sample size ealeulation: % of time in TQ
Statistical analyses to be applied: Student’s t-test
Statistical significance: (.05

Power: 0.90

Mean of population 1: 42

Mean of population 2: 29

Common standard variation: 14

Sample size: n=25/group

~50 animals per genotype will be used:
25x control injections
25x miR-132 or miR-132 AS injections

Summary Table
Genotype Experiment Nr of animals Total/genotype
APPswe/PSILI66P | ICV injections/running 48
1CV Behavioral testing-1* round 44
ICV Behavioral testing-2" round 50
Intranasal instiilation (I.N.)setup 60
L.N. Behavioral festing-[* round 44
LN. Behavioral testing-2™ round 50
Additional mice to replace experimental 5
drop-outs
301 :
APP-NLGF ICV injections/running, 48
ICV Behavioral testing-1¢ round 44
ICV Behavioral festing-2" round 50
Intranasal instillation {L.N.)sctup 60
LN. Behavioral testing-1% round 44
LN. Behavioral testing-2" round 50
Additional mice to replace experimental 5
drop-outs i
301
C57BLY6 ICY injections/running 48
ICV Behavioral testing-1% round 44 :
ICY Behavioral testing-2™ round 50
Intranasal instillation {I.N.)setup 60
I.N. Behavioral testing-1 round 44
N. Behavioraf testing-2" round 50
Additional mice o replace experimental 5
drop-outs
301

Protocols
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ICV injections (take place on a heating mat) [8-9 month old mice]

. Administration of isoflurane (5% induction, 2-2.5% maintenance) and 0.25% Marcaine (3ul/gram) s.c. under scalp
Incision of the skin under aseptic conditions

Drilling of the skull to insert a guide cannula

Stereotactic implantation of the guide cannula based on Bregma coordinates

Intracerebroventricular injection (2ul) via an injection cannula

Saline injection ip (900 ul/mouse)

Recovery from anesthesia and transfer to home cage (heated by a lamp)

© NS AW N

. Monitoring for signs of discomfort / infection (this over the defined period prior the subsequent analysis / in case of disconfort/
infection (the experiment will be stopped and animals will be euthanised).

9. Following a period defined by the subsequent analysis [biochemistry (RNA and protein extraction), histology (cryopreservation
of tissue blocks), behavioral testing] the animals will be euthanized by cervical dislocation and tissue samples will be collected
(Note: all tissue collection procedures will be performed after cuthanasia).

Intranasal instillation (takes place in induction box under constant heating by a heating lamp) [8-9 month old mice]
1. Put mouse in induction box and open isoflurane at 5%
2. Reduce isoflurane (2.5 — 2.0 %), make sure mouse breaths normally
3. Instillation:
- 3ulin right nostril
- Wait 2 min
- 3pulin left nostril
- Wait2 min
- Repeat 4 times: final volume = 24pl
4, Following a period defined by the subsequent analysis [biochemistry (RNA and protein extraction), histology (cryopreservation

of tissue blocks), behavioral testing], the animals will be euthanized by cervical dislocation and tissue samples will be collected
(Note: all tissue collection procedures will be performed after euthanasia).

Datum/date: 30/09/2016 Handtekening van de laboratoriumdirecteur/signature of the laboratory director:

By

Adpvies (voorbehouden aan de Ethische Commissie) (for the Ethical Committee):
E] gunstig/favorable  [_] gunstig mits aanpassingen/provided favorable adjustment [ ongunstig/rejected

Inschatting van pijn, lijden of letsel door de Ethische Commissie/estimate bij the Ethical Comittee
[ geen/none ] gering/minor [] matig/moderale&rcrnstig/severe [] ondefinieerbaar/undefinable Datum/date:

5 Aea . 2 > A 4
Ci taar en opmerkingen/cc ts and remarks i &

//

-

De Voorzitter/ the Chairman
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d XUNTA DE GALICIA Edificio Administrativo Monelos
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Xefatura Territorial da Conselleria do
Medio Rural e do Mar

José Manuel Cifuentes

REKIST i

o e s A AL Fatulads de veterimaa
RN, 1

SAIDA 108582 ¢ R - TR - Campus Universitario

27002 Lugo

R o [ '

NOTIFICACION DE RESOLUCION DE AUTORIZACION DE PROXECTOS DE
EXPERIMENTACION ANIMAL

Expediente nam.: 15005/15/002 Data de inicio: 21.7.2015
Interesado: José Luis Labandeira Garcia Forma de inicio: solicitude do interesado
Procedemento: resolucién de autorlzacién

Notificolle que con data 29 de xullo de 2015, o xefe territorial da Conselleria do Medio Rural e
do Mar emitiu unha resolucién de autorizacién do proxecto de experimentacién animal, cuxo
texto integro é o seguinte:

ANTECEDENTES

A interesada, como representante do centro da Facultade de Medicina (Universidade de |
Santiago de Compostela), presentou con data 3.7.2015 e rexistro de entrada 79260 RX
1272914, unha solicitude para a realizacién do proxecto de experimentacién animal, cuxos
datos se detallan a continuacién:

Denominacién do proxecto: Estudio de novas terapias en modelos de Pérkinson e outras
enfermidades neurodexenerativas

Nome do centro usuario: Facultade de Medicina (USC)

Persoa responsable do proxecto: José Luis Labandeira Garcia

Establecemento onde se realizaran os procedementos do proxecto (ou lugar xeografico no
caso de traballos de campo): Laboratorio de Neuroloxia Experimental e Neuroanatomia da
Facultade de Medicina

Clasificacién do proxecto : Tipo | [ |  Tipoll Tipo i ]

CONSIDERACIONS LEGAIS E TECNICAS

1. O Real decreto 53/2013, de 1 de febreiro (BOE num. 34, do 8 de febreiro), polo que se
establecen as normas bdsicas aplicables para a proteccién dos animais utilizados en
experimentacion e outros fins cientificos, incluindo a docencia, establece no seu artigo 33
as condicions de autorizacions dos proxectos con animais de experimentacion.

2. 0O artigo 89 da Lei 30/1992, de 26 de novembro, do réxime xuridico das administraciéns
publicas e do procedemento administrativo comun (BOE ndm. 285, 27 de novembro de
1992), modificada pola Lei 4/1999, de 14 de xaneiro, establece que a resolucién gue pofia

b S nfm o procedemento decidira todas as cuestions expostas polos interesados e aquelas
ogtras derivadas deste.
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a» XUNTH DE GHLIC Fililizo Acvmnistrativo Monelos
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Xefatura Torritorial da Consolloria dhs
Medio Rural & do Mar

3. O Servizo de Gandaria da Corufta revisou a documentacién achegada na solicitude e o
resultado favorable da avaliacion do proxecto, realizada polo 6rgano habilitado Seccién de
Experimentacion animal do Comité de Blodtica da Universidade de Santiago de
Compostela.

Esta xefatura territorial é competente para ditar unha resolucidn, de conformidade co artigo
11 do Decreto 245/2009 de 3 de abril, polo que sc regulan as delegacidns territoriais da Xunta

8 de Galicia e o Decreto 46/2012, de 19 de xaneiro, polo que establece a estrutura organica da
Conselleria do Medio Rural e do Mar e do Fondo Galego de Garantfa Agraria.

De acordo con todo o indicado, RESOLVO:

1. Autorizar o proxecto solicitado.
2. Notificarlle esta resolucién ao interesado.

0 mencionado proxecto non deberd somelerse a unha avaliacion retrospectiva.

A autorizacion deste proxecto terd unha duracién de 5 anos, transcorridos os cales, debera ser
renovada esla autorizacion

A citada autorizacion é unicamente vilida nas condicions ue figuran no expediente. Ante
calquera cambio significativo no proxecto que poida ter efectos negativos sobre o benestar
dos animais, deberd solicitar a confirmacién da autorizacion ao Servizo Provincial de Gandaria.

Esta autorizacion poderd ser suspendida, no caso de que o proxeclo non se leve a cabo de
acordo coas condiciéns de autorizacidn e retirala, previo expediente tramitado ao que se lle
dara audiencia.

Contra a presente resolucion, que non pon fin & via administrativa, podera interpor recurso de
alzada ante a consclleira de Medio Rural e do Mar da Xunta de Galicia no prazo dun mes
contado a partir da recepcién da notificacién da presente resolucion, conforme coa Lei
30/1992, do 26 de novembro, (BOE num.: 285, 27 de novembro de 1992), de réxime xuridico
das administraciéns publicas e do procedemento administrativo comun na sa redaccién dada
pola Lei 4/1999, do 13 de xaneiro.

A Coruiia, 31 de xullo de 2015
O xefe do Servizo de Gandaria

N

Eugenio Romero Senande

»CO4,
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oyt 1
':0 CONSELLERIA DO MEDIO RURAL Edificio administrativo Monelos, 4° andar

Rua Vicente Ferrer, N° 2

15008 A Corufia

Tfno.: 981 184 565

Correo electronico: servizo gandaria.a.coruna@xunta.gal

XUNTA DE GALICIA gfi“;zj:j‘i‘;"’a' j Bl ICIS

RESOLUCION DE AUTORIZACION DE PROXECTO DE EXPERIMENTACION ANIMAL

Expediente nim.: 15012/2021/012 Data de inicio do expediente: 16.4.2021
Persoa solicitante: Anxo Vidal Figueroa Procedemento: resolucion de autorizacion
Forma de inicio: solicitude da persoa interesada

ANTECEDENTES

A persoa solicitante presentou con data 16.4.2021 unha solicitude para a realizacion do
proxecto de experimentacion animal (entrada no Rexistro electronico da Xunta de Galicia
2021/880369), cuxos datos se detallan a continuacién:

Denominacion do proxecto: Estudos de novas terapias en modelos de enfermidade de
Parkinson e outras enfermidades neurodexenerativas

Nome do centro usuario: Centro de Biomedicina Experimental (CEBEGA) da Universidade de
Santiago de Compostela

Persoa responsable do proxecto: José Luis Labandeira Garcia

Establecemento onde se realizardn os procedementos do proxecto (ou lugar xeografico no
caso de traballos de campo): Centro de Biomedicina Experimental (CEBEGA)

Clasificacion do proxecto : Tipo | D Tipo Il Tipo lll D

CONSIDERACIONS LEGAIS E TECNICAS

1 O Real decreto 53/2013, de 1 de febreiro (BOE 34, do 8 de febreiro), polo que se establecen
as normas basicas aplicables para a proteccion dos animais utilizados en experimentacion e
outros fins cientificos, incluindo a docencia, establece no seu artigo 33 as condiciéns de
autorizacions dos proxectos con animais de experimentacion.

2 O artigo 88 da Lei 39/2015, de 1 de outubro, do procedemento administrativo comun das
administracions publicas (BOE 236, do 2 de outubro de 2015) establece que a resolucion que
pofia fin o procedemento decidird todas as cuestions expostas polos interesados e aquelas
outras derivadas deste.

Verificacion: httpsi/sede.xunta.gal'cve

% Xacobeo 21-22

EIE CVE: 701X2UvAG
0[]
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SANTOS MANEIRO, JOSE MANUEL

Territorial

e

Data e hora: 30/04/2021 14:32:23

Asinado
Cargo:

Verificacion: hitps://sede.xunta.gal'cve

ElZIE CVE 701XzUNAG
ki m]
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Tfno.: 981 184 565

Correo electronico: servizo gandaria.a.coruna@xunta.gal

3 0 Servizo de Gandaria da Corufia revisou a documentacién achegada na solicitude e o
resultado favorable da avaliacion do proxecto realizada polo érgano habilitado, a Seccidén de
Experimentacion Animal do Comité de Bioética da Universidade de Santiago de Compostela.

Esta xefatura territorial é competente para ditar unha resolucidn, de conformidade co Decreto
149/2018, do 5 de decembro, polo que se establece a estrutura organica da Conselleria do
Medio Rural e se modifica parcialmente o Decreto 177/2016, do 15 de decembro, polo que se
fixa a estrutura organica da Vicepresidencia e das consellerias da Xunta de Galicia (DOG 235,
do 11 de novembro).

De acordo con todo o indicado, RESOLVO:

1 Autorizar o proxecto solicitado.
2 O proxecto non precisa someterse a unha avaliacion retrospectiva.

3 A autorizacion deste proxecto tera unha duracion de cinco anos e unha vez transcorrido este
tempo, debera ser renovada.

A citada autorizacion é unicamente valida nas condicions que figuran no expediente. Ante
calquera cambio significativo no proxecto que poida ter efectos negativos sobre o benestar dos
animais, debera solicitar a confirmacion da autorizacion ao Servizo Provincial de Gandaria.

Esta autorizacién podera ser suspendida no caso de que o proxecto non se leve a cabo de
acordo coas condicions de autorizacion e retirala, previo expediente tramitado ao que se lle
dara audiencia.

Contra a presente resolucidén, que non pon fin & via administrativa, podera interpofier un
recurso de alzada ante o conselleiro de Medio Rural. O prazo comezara a contar dende o dia
seguinte ao da recepcion desta resolucion. Todo isto, segundo o disposto nos artigos 121 e 122
da citada Lei 39/2015.

Mediante este escrito notificaselle a Anxo Vidal Figueroa esta resolucion segundo o esixido no
artigo 40.1 da antedita Lei 39/2015.

% Xacobeo 21-22
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DocuSign Envelope ID: 4FES62C2-ECA3-400B-8E23-33FE4DATEC1A

‘ rad | charles river accelerator
& development lab

Institutional Animal Care and Use Committee September 27, 2023
Charles River Accelerator & Development lab (CRADL)
Charles River Laboratories

Eli Lilly
To Whom it May Concern:

This letter is to inform you that the study protocols to support the animal use activities conducted by Eli Lilly at
the Charles River 100 Binney site were reviewed and approved by the CRADL IACUC as outlined below:

Protocol Description Approval Date

2021-1433 Platform screening of LNPs/PNPs for Extra-Hepatic Targets 11/22/2021

2021-1452 Local Delivery of Nucleic Acids to CNS 07/18/2022

2022-1512 Screening of nanomedicine delivery approaches for central and 02/25/2022
peripheral nervous system deilvery

All active protocols are reviewed annually, with a de novo submission required every 3 years for ongoing
activities.

The CRADL site is included in the Charles River Laboratories Research Models registration with the National
Institutes of Health Office for Laboratory Animal Welfare (NIH OLAW) and the Assurance of Compliance with
Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals statement number is D16-
00496 (A3863-01) with the current effective term of 27July2022 through 31July2026. Should you have any
guestions regarding this matter, please contact me.

Sincerely,

DocuSigned by:
Michatl Tibrault

4F55B2A4CEAF4AL
Michael Tetreault, BS RLATg
CRADL IACUC Chairperson
Operations Manager Insourcing Solutions | Charles River
225 Gateway Suite 100.
South San Francisco, CA 94080
michael.tetreault(@crl.com ; 508-245-0401

www.cradl.criver.com « www.criver.com
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CLINIC

BARCELONA

Hospital Universitari

CIF — G-08431173

DICTAMEN DEL COMITE ETICO DE INVESTIGACION CLINICA

ANA LUCIA ARELLANO ANDRINO, Secretario del Comité Etico de Investigacion Clinica del Hospital
Clinic de Barcelona.

Certifica:
Que este Comité ha evaluado la propuesta del promotor, para que se realice:

Enmienda al protocolo y a la HIP/CI

Protocolo v2_18/02/2021. HIP/CI v2_18/02/2021

del estudio:

CODIGO: COVARNA NUMERO EUDRACT:

TITULO: Preclinical development of innovative mRNA/MVA vaccines against SARS-CoV2

y emite

DICTAMEN FAVORABLE

Y hace constar que:

12 En la reunidn celebrada el dia 25/02/2021, acta 4/2021 se decidid emitir el informe
correspondiente a la enmienda de referencia.

22 El CEIC del Hospital Clinic de Barcelona, tanto en su composicion como en sus PNTs, cumple
con las normas de EMA/CHMP/ICH,/135/1995.

3¢ Listado de miembros:
Presidente:
- JOAQUIM FORES I VINETA (Médico Traumatélogo, HCB)
Vicepresidente:
- JOSEP MARIA MIRO MEDA (Médico Enfermedades Infecciosas, HCB)
Reg.HCB/2020/0387

Mod_5 (V2 de 22/10/13) AC_ESM
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Secretario:
- ANA LUCIA ARELLANO ANDRINO (Médico Farmacdlogo Clinico, HCB)
Vocales:

- MONTSERRAT GONZALEZ CREUS (Trabajadora Social, Servicio de Atencion al
Usuario, HCB)

- JOSE RIOS GUILLERMO (Estadistico. Plataforma de Estadistica Médica. IDIBAPS)
- OCTAVI SANCHEZ LOPEZ (Representante de los pacientes)

- MARIA JESUS BERTRAN LUENGO (Médico Epidemilogo, HCB)

- JOAQUIN SAEZ PENATARO (Médico Farmacélogo Clinico, HCB)

- SERGI AMARO DELGADO (Médico Neurdlogo, HCB)

- EDUARD GUASCH CASANY (Médico Cardidlogo, HCB)

- VIRGINIA HERNANDEZ GEA (Médico Hepatdlogo, HCB)

- MARINA ROVIRA ILLAMOLA (Farmacéutico Atencion Primaria, CAP Eixample)
- PAU ALCUBILLA PRATS (Médico Farmacélogo Clinico, HCB)

- JOSE TOMAS ORTIZ PEREZ (Médico Cardidlogo, HCB)

- ELENA CALVO CIDONCHA (Farmacéutica Hospitalaria, HCB)

- CECILIA CUZCO CABELLOS (Enfermera, HCB)

- PAULA MARTIN FARGAS (Abogada, HCB)

- SALVATORE BRUGALETTA (Médico Cardidlogo, HCB. Miembro del CEA, HCB)
- XAVIER CANALS-RIERA (Ingeniero Telecomunicaciones)

- FRANCESC XAVIER CORBELLE (Informatico, HCB)

- JOSEP DIAZ CORT (Licenciado en Ciencias Fisicas. Catedratico en Informéatica)
- GASPAR MESTRES ALOMAR (Médico, Angiologia, Cirugia Vascular, HCB)

- FRANCESC TORRALBA ROSELLO (Doctor en Filosofia)
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CLINIC

BARCELONA

Hospital Universitari

- MARTA FRANCH SAGUER (Abogada)

- PATRICIA AMOROS REBOREDO (Farmacéutica Hospitalaria, HCB)

Que en el caso de que se evalie algin proyecto del que un miembro sea
investigador/colaborador, éste se ausentara de la reunidn durante la discusion del proyecto.

ANALUCIA  Firmadodigitaments
T ANA LUC

ARELLANO ARELLANO ANDRINO

ANDRINQG - DNI - DNl 435504240

435904241 Tpaor

Barcelona, a 03 de marzo de 2021

CIF — G-08431173
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Ethical considerations

Generalitat de Catalunya

Departament de Territori i Sostenibilitat
Direccié General de Politiques Ambientals
i Medi Natural

Comissié d’Experimentacié Animal

Organ Habilitat
Ref. nim. informe: CEA-OH/11282/1

INFORME D’AVALUACIO D’'UN PROJECTE PER LA COMISSIO
D’EXPERIMENTACIO ANIMAL COM A ORGAN HABILITAT PER LA
GENERALITAT DE CATALUNYA (Reial Decret 53/2013, d'1 de febrer)

Ref. nim. de projecte: 11282

Titol del projecte: Desenvolupament d'una vacuna contra SARS-COV-2
empleant el ratoli

Projecte tipus: O 1 =11 Ol

Persona responsable del projecte: Marta Sisteré Oré

Data d’admissié de la documentacié: 15.12.2020

Data d’avaluacio per la CEA com a OH: 20.01.2021

Revisada la documentacio presentada, s'informen, d’acord amb la normativa vigent’, els
punts segllents:

1. Avaluada la informacié relativa a la procedéncia dels animals (art.19 del RD 53/2013
d’1 de febrer i només per a les espécies’ incloses a I'annex | del RD 53/2013 d'1 de
febrer o a I'annex de la Llei 5/1995, de 21 de juny), s’informa,

(") la utilitzacio de gossos i gats rodaméns, i els provinents de centres de recollida d'animals abandonats
esta prohibida a Catalunya (art. 4.1.a de la Llei 5/1995)

O No procedeix, atés que I'espécie animal no esta inclosa a l'annex | del RD 53/2013,
d'1 de febrer.

& Favorablement

O Desfavorablement, atés que

Observacions/Justificacio:

2. Avaluada la informaci¢ presentada relativa a la utilitzaci¢ de primats no humans en el
projecte, d'acord amb I'art. 21 del RD 53/2013 d'1 de febrer, s'informa,

& No procedeix, atés que no s'utilitzen primats no humans.

O Favorablement.

O Desfavorablement, atés que

Observacions/Justificacio:

3. Avaluada la informacio relativa a I's d’anestésia durant el projecte (art. 26 del RD
53/2013 d'1 de febrer), s'informa,

0 No procedeix, atés que el projecte no ho requereix.

& Favorablement el protocol d'anestésia a aplicar.

[0 Favorablement la justificacio presentada pel responsable del projecte en relacié amb
la no utilitzacid de l'anestésia per ser incompatible amb el projecte o per estar
contraindicada.

O Desfavorablement, atés que

Observacions/Justificacio:

Provenca, 204-208
08036 Barcelona
Teléfon: 93 495 80 00
http/fterritor.gencat.cat
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Generalitat de Catalunya

Departament de Territori i Sostenibilitat
Direccié General de Politiques Ambientals
i Medi Natural

Comissié d’Experimentacié Animal

Organ Habilitat
Ref. nim. informe: CEA-OH/11282/1

4. Avaluada la informacio relativa a I'is d’analgésia o altres métodes destinats a eliminar
al maxim el dolor, el sofriment durant el projecte (art. 26 del RD 53/2013 d’1 de febrer),
s’informa,

O No procedeix, atés que el projecte no ho requereix.

<1 Favorablement el protocol d’analgesia o altres meétodes a aplicar destinats a eliminar
al maxim el dolor.

[ Favorablement la justificacio presentada pel responsable del projecte en relacié amb
la no utilitzacid de I'analgésia per ser incompatible amb el projecte o per estar
contraindicada.

O Desfavorablement, atés que

Observacions/Justificacio:

5. Avaluada la informacio relativa a les condicions d'allotjament, zootécniques i de cura
dels animals en el projecte (art. 6 del RD53/2013 d'1 de febrer), s’informa,

1 No procedeix, atés que el projecte no ho requereix.

& Favorablement.

O Desfavorablement, atés que

Observacions/Justificacio:

6. Métode d’eutanasia:

6.1. Avaluada la informacié relativa al métode d’eutanasia (art. 7 i annex Il del RD
53/2013 d'1 de febrer) en finalitzar el projecte, s'informa,

1 No procedeix, atés que els animals no sén eutanasiats

& Favorablement

[ Desfavorablement, atés que

Observacions/Justificacio:

6.2. | en relacio amb el métode d'eutanasia en aplicacio a criteris de punt final,
s'informa,

O No procedeix, atés que el projecte no ho requereix.

& Favorablement.

[0 Desfavorablement, atés que

Observacions/Justificacio:

7. Avaluades les condicions generals previstes en I'execuci¢ del projecte (art. 25.3 del
RD 53/2013 d'1 de febrer) s’informa,

[ Favorablement, atés que el projecte es realitzaria tenint en compte evitar als animals
qualsevol dolor, sofriment, angoixa o dany durador innecessari.

[ Desfavorablement, atés que

Observacions/Justificacio:

8. Avaluada la informacié presentada en relacid amb I'acreditacié/capacitacio del
personal que participa en el projecte (art. 25.5 del RD 53/2013 d’1 de febrer), s’informa,
& Favorablement.

O Desfavorablement, atés que

Observacions/Justificacio:
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9. Avaluada la informacio relacionada amb el transport dels animals (art. 9.1 del RD
53/2013 d'1 de febrer), s'informa,

O No procedeix, atés que els animals no sén transportats durant el projecte.

& Favorablement.

[0 Desfavorablement, atés que

Observacions/Justificacio:

10. Avaluada la informacié relativa a la utilitzacio d’animals d'espécies amenagades (art.
20 del RD 53/2013 d'1 de febrer), s'informa,

& No procedeix

[ Favorablement.

O Desfavorablement, atés que

Observacions/Justificacio:

11. Avaluada la informacié relativa a la utilitzacio d'animals capturats en la natura (art.
22 del RD 53/2013 d'1 de febrer), s'informa,

X No procedeix.

[ Favorablement.

O Desfavorablement, atés que

Observacions/Justificacio:

12. Avaluada la informacio relativa a la reutilitzacié d'animals (utilitzacié d’animals que
han esta sotmesos préviament a un altre projecte) (art. 29 del RD 53/2013 d'1 de
febrer), s'informa,

& No procedeix.

O Favorablement.

[0 Desfavorablement, atés que

Observacions/Justificacio:

13. Avaluada la finalitat, els beneficis cientifics i, si s’escau, el valor docent del projecte
(art. 34.2a del RD 53/2013 d'1 de febrer) s'informa,

X Favorablement.

[0 Desfavorablement, atés que

Observacions/Justificacio:

GENERALITAT DE CATALUNYA

14. Avaluada la conformitat amb les 3Rs (art.34.2b del RD 53/2013 d'1 de febrer),
s'informa,

& Favorablement.

[0 Desfavorablement.

Observacions/Justificacio:
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Teléfon: 93 495 80 00
http/fterritor.gencat.cat
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Comissié d’Experimentacié Animal
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Ref. nim. informe: CEA-OH/11282/1

15. Avaluat el grau de severitat indicat a la memoria del projecte (art.34.2c del RD
53/2013 d'1 de febrer) s'informa,

E Favorablement.

[1 Desfavorablement, atés

Observacions/Justificacio:

Amb la classificacio de:
[1 Sense recuperacio [ Lleu k<1 Moderat [ Sever

16. Balang étic: analitzats els danys i beneficis del projecte (art.34.2d del RD 53/2013
d'1 de febrer), s’informa,

E Favorablement.

[1 Desfavorablement.

Observacions/Justificacio:

17. El projecte requereix un resum no técnic (art. 33.1 del RD 53/2013 d’1 de febrer).
E Si

O No

Ates que és de Tipus Il

18. Avaluacio retrospectiva del projecte (art. 35.1 del RD 53/2013 d'1 de febrer).

Ates que el projecte,

[ utilitza primats.

O S'utilitzen primats per a finalitats diferents a les previstes a lart. 21.2.a del RD
53/2013 d'1 de febrer.

[ Ha estat classificat com a sever.

O El projecte implica un dolor greu i perllongat que no pot ser alleujat.

O Altres: Article 33.6 f) del RD 53/2013

Justificacio:

S’informa que el projecte,
[ No requereix avaluacio retrospectiva.
O Si requereix avaluacio retrospectiva, la qual s’ha de realitzar

19. Altres comentaris:

GENERALITAT DE CATALUNYA
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Generalitat de Catalunya

Departament de Territori i Sostenibilitat
Direccié General de Politiques Ambientals
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Comissié d’Experimentacié Animal

Organ Habilitat

Ref. nim. informe: CEA-OH/11282/1

RESULTAT FINAL DE L'INFORME.
Per tant, tenint en compte l'informe de cadascun dels punts anteriors,
X S'informa FAVORABLEMENT

O S'informa DESFAVORABLEMENT
Justificacio:

Silvia Lleonart Roura
La secretaria de la Comissié d’Experimentacié Animal

Signat electronicament
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Generalitat de Catalunya

Departament de Territori i Sostenibilitat
Direccié General de Politiques Ambientals
i Medi Natural

RESOLUCIO

Assumpte: autoritzacié de projecte d’experimentacio num. 11282

Identificacio de I'expedient

Expedient num. FUE-2020-01825389 i ID Q35FKW3B7 relatiu a la sol-licitud d'autoritzacio
d’un projecte d'experimentacié amb animals.

Antecedents

1.

2.

El centre usuari Parc de Recerca Biomedica de Barcelona va presentar sol-licitud
d’autoritzacio per a I'execucio del projecte d’experimentacio:

a. Titol: Desenvolupament d'una vacuna contra SARS-COV-2 empleant el ratoli
b. Responsable del projecte: Marta Sisteré Oro
La Comissio d'Experimentacio Animal, com a organ habilitat, en data 20.01.2021 va

avaluar el projecte d'acord amb I'article 34 del Relal Decret 53/2013, d'1 de febrer, amb
un informe Favorable.

Fonaments de dret

1. Llei 5/1995, de 21 de juny, de proteccio dels animals utilitzats per a experimentacio i
per a altres finalitats cientifiques.

2. El Decret 214/1997, de 30 de juliol, pel qual es regula la utilitzacio d’animals per a
experimentacio i per altres finalitats cientifiques.

3. Directiva 2010/63/UE del Parlament Europeu i del Consell de 22 de setembre de 2010
relativa a la proteccio dels animals utilitzats per a finalitats cientifiques.

4. Reial Decret 53/2013, d'1 de febrer, pel qual s'estableixen les normes basiques
aplicables per a la proteccié dels animals utilitzats en experimentacio i altres fins
cientifics, incloent-hi la docéncia.

5. Llei 6/2013, d'11 de juny, de madificacié de la Llei 32/2007, de 7 de novembre, per a
la cura dels animals, en la seva explotacio, transport, experimentacié i sacrifici.

6. Reial decret 1386/2018, de 19 de novembre, pel qual es modifica el Reial decret
53/2013, d’1 de febrer, pel qual s’estableixen les normes basiques aplicables per a la
proteccio dels animals utilitzats en experimentacio i altres finalitats cientifiques,
incloent la docéncia.
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Resolucio
Per tant, resolc:

1. Informar Favorablement la sol-licitud d'autoritzacio del projecte d'experimentacio que
es relaciona a continuacio:

Titol: Desenvolupament d'una vacuna contra SARS-COV-2 empleant el ratoli
Responsable del projecte: Marta Sisteré Oro
Usuari: Parc de Recerca Biomédica de Barcelona

Instal-lacio on es realitzara el projecte: Estabulari del Parc de Recerca Biomédica de
Barcelona

2. Assignar al projecte el num. d’ordre: 11282

3. Autoritzar la realitzaci6 d'aquest projecte d'experimentacié durant cinc anys a partir de
la data de signatura d'aquesta resolucio. En el moment que es disposi d'un métode
validat alternatiu a I'is d'animals per a qualsevol dels procediments que integren el
projecte, aquesta autoritzacio quedara suspesa i sense efecte.

Aguesta autoritzacio no eximeix del compliment i disposicio d'altres autoritzacions, d'acord
amb la normativa sectorial vigent.

Contra aquesta resolucié que no exhaureix la via administrativa, es pot interposar recurs
d’algada davant la secretaria de Medi Ambient i Sostenibilitat en el termini d’un mes, a comptar
de 'endema de la notificacié d’aquesta resolucio, segons el que estableix I'article 112, 121 i
122 de la Llei 39/2015, d'1 d'octubre, del procediment administratiu coma de les
administracions publiques.

Ferran Miralles i Sabadell
El director general de Politiques Ambientals i Medi Natural

Signat electronicament

GENERALITAT DE CATALUNYA
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Ethische Commissie Dierproeven
VRIJE Ethical Committee for Animal Experiments
UNIVERSITEIT
BRUSSEL

VERGUNNING - LICENCE

De Ethische Commissie Dierproeven geeft een gunstig advies voor onderstaand project
en verleent hierbij de vergunning om het project te starten
met inachtneming van onderstaande voorwaarden.

Based on a positive evaluation, the Ethical Committee for Animal Experiments
hereby grants permission for this project to start, under the following conditions.

Deze vergunning wordt toegekend naar aanleiding van een aanpassing van het project.
This license is issued after approval of an adaptation:
R6

PROJECTNUMMER / PROJECT NUMBER: 17-214-7

TITEL PROJECT / TITLE: Anti-neoantigen respons: vergelijking van peptide en RNA immunizatie en
optimalizatie van mRNA productie systemen

DUUR / DURATION

Oorspronkelijke startdatum / Qorspronkelijke einddatum / Nieuwe einddatum /
Initial start date: Initial end date: New end date:
15/06/2017 01/05/2021 01:11/2021

GEBRUIKERS / USERS

Verantwoordelijke laboratoriumdirecteur / Kris Thielemans
Responsible laboratory director:

Proefleider / Wout de Mey
Experiment manager:

Overige uitvoerende personen [/ Jan Spitaels
Other researcher(s): Marian Crabbé

Lukasz Bialkowski
Sanne Bevers
Nikolai Hendriks
Sofie Seghers
Elien van De Velde
Patrick Tjok

Sarah Maenhout

Verantwoordelijke van het laboratorium waar het project (deels)
plaatsvindt, indien verschillend van hierboven /

Responsible of the laboratory where the experiments are (partially)
conducted:

AANTAL DIEREN / NUMBER OF ANIMALS: 1521

INSCHATTING VAN ERNSTKLASSE DOOR DE COMMISSIE /
ASSESSMENT OF PAIN AND SUFFERING BY THE COMMITTEE

[} Licht / Mild
| Matig / Moderate
O Ernstig / Severe: (duur/duration: dagen/days)

RETROSPECTIEVE ANALYSE / RETROSPECTIVE ANALYSIS

Gelieve binnen de 2 maanden na het beéindigen van het project de retrospectieve analyse en aangepaste NTS
op te sturen naar ecd-secretariaat@minf.be.

A retrospective analysis with an adjusted NTS should be submitted within 2 months after conclusion of the project.
Please send it to ecd-secretariaat@minf.be.

DE VOORZITTER / THE CHAIR: DATUM / DATE:
Prof. dr. Eline Menu 14/04/2021

=>
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Ref: 10/296822.9/20

* &k Direccion General de Agricultura,
* &k . . .

Ganaderia y Alimentacion

—r CONSFEJERIA DE MEDIO AMBIEMTE, ORDEMACION

de Madrid DEL TERRITORIO ¥ SOSTENIBILIDAD

Vista la solicitud presentada por MARIANO ESTEBAN RODRIGUEZ, para la
autorizacién del proyecto de memoria técnica titulada “ANALISIS DE LA RESPUESTA
INMUNE DE VACUNAS FRENTE A SARS-COV-2/COVID-19" a desarrollar en el centro
usuario CN BIOTECNOLOGIA-CSIC con cédigo de registro ES200790000182 y siendo
el responsable del proyecto JUAN FRANCISCO GARCIA ARRIAZA.

Visto el informe del Area de Proteccién Animal de la Subdireccién General de

Produccion Agroalimentaria

Considerando que el citado proyecto se ajusta a lo establecido en el Real

Decreto 53/2013 de 1 de febrero por el que se establecen las normas basicas
aplicables para la proteccién de los animales utilizados en experimentacién y otros
fines cientificos, incluyendo la docencia.

Esta Direccion General ha resuelto: autorizar la realizacion del proyecto

en www madnd org/cove

referenciado siempre que se mantengan las condiciones que dieron lugar a la
autorizacién y que el personal que intervenga tenga la preparacién y formacién

adecuada que se especifica en el citado Real Decreto.

se puede

Tal y como se establece en el informe de evaluacién aportado, este proyecto
no debera ser sometido a la realizacion de una evaluacioén retrospectiva.

Contra esta Resolucién, que no agota la via administrativa, cabe interponer

tenticidad de este d

recurso de alzada en el plazo de un mes, contado desde el dia siguiente a la recepcion
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de esta notificacion, ante el Viceconsejero de Medio Ambiente, Ordenacién del
Territorio y Sostenibilidad, conforme a lo establecido en el articulo 121 y siguientes
de la Ley 39/2015, de 1 de octubre, del Procedimiento Administrativo Comun de las
Administraciones Publicas.

Madrid, a fecha de la firma
EL DIRECTOR GENERAL DE AGRICULTURA, GANADERIA Y ALIMENTACION
(P.D.F. Resolucion de 16 de julio de 2020)
EL COMISIONADO DEL GOBIERNO DE BIENESTAR ANIMAL
(documento firmado en el lateral)

Ref PROEX 169.4/20
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Genetic therapies show great potential for treating various
diseases through modulation of the expression of specific
genes. Their effective delivery is crucial, particularly for
challenging conditions like CNS diseases and SARS-CoV-2
vaccines. Here, we used nanotechnology as a fundamental tool
for RNA delivery. First, we engineered an ionizable
nanoemulsion designed for brain diffusion and delivery of RNA.
Second, we explored nanocarriers loaded with siRNA for brain
delivery, exploring their performance following alternative

administration routes. Finally, we encapsulated mRNAs derived
from SARS-CoV-2 within nanoemulsions and polymeric
nanocapsules, achieving significant cellular immune responses.
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